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 The Iowa State University Agricultural Engineering and Agronomy Research Farm 
operates a system of 24 drying chambers to dry soil and plant materials. The system is in 
need of updating due to the current system becoming outdated. The current boiler utilizes 
hot water heat exchangers controlled with pneumatic valves that control the temperature 
in each drying chamber. It was evaluated to operate at a maximum 29,880 Btu/h heat 
capacity and 83.2% heating efficiency. Alternatives for the boiler-based system are 
electro-mechanical control of the heat exchangers and replacing the boiler-based system 
with electric heat exchangers with thermostat control at each chamber. Those were tested 
and resulted in maximum heat outputs of 24,113 and 27,009 BTU/h with efficiencies of 
86.0% and 82.3%, respectively. Pneumatic control depends on a regulated constant air 
supply while the electro-mechanical and electric heat exchangers are controlled 
electronically. This allows for more precise control of the chamber operating 
temperature. The electronic controls also allow for monitoring of each drying chamber 
and data collection with minimal additional equipment.  
Each drying chamber holds four roll-away carts that are loaded with material to be 
dried. It was determined that drying carts initially operated with an airflow uniformity 
index of 0.892. Combinations of a duct register and orientation of the drying carts were 
tested. The uniformity index increased to 0.959 utilizing the duct register and with or 
without the orientation of outlet fans on the drying carts in the center of the chamber. 
Airflow uniformity across all heating and control alternatives was between 0.983-0.996 
after additional trials utilizing a duct register, installing ducting to direct ambient air 
xiii 
 
coming in and air to be exhausted out of the chamber, and reversing the drying cart fans 
to pull air down through the carts rather than force air up through them.  
A 25-year economic analysis found the electric heat exchanger had the highest annual 
operating cost at $24,540 with the pneumatic and electro-mechanical controlled boiler 
alternatives costing $9,010 and $8,790 to operate, respectively. The electric heat 
exchanger also had the highest net present cost at $216,913, compared to the pneumatic 
flow control at $151,034 and the electro-mechanical control at $154,612. A reduced cost 
electric heat exchanger was evaluated and had a net present cost of $195,357 or 9.9% 

















CHAPTER 1 - GENERAL INTRODUCTION 
 Back in the 1960’s the Iowa State University Agronomy/Agricultural Engineering 
Research Center, currently known as the Agricultural Engineering and Agronomy (AEA) 
Research Farm, invested in building 18 chambers to be used for drying small lots of plant 
material from ear corn for seed to plant biomass. This number expanded in 1985 with the 
addition of 6 more chambers, bringing the total to 24 (Figure 1.1). Each chamber 
measures approximately 5 feet x 12 feet x 8 feet (W x L x H) and was designed to house 
4 drying carts with dimensions of 21 inches x 48 inches x 48 inches (W x L x H). These 
drying carts were designed with perforated floors and utilize a small centrifugal fan 
(0.124 KW) to push air up through material held in the carts to be dried to aid in the 
drying process.  
 
        Figure 1.1 Chambers used for drying plant material. The newer  
              chambers extend past the older chambers. 
A 1,550 MBtu hot water boiler (Figure 1.2) was initially installed and is still 
operating today. It is set to output 190°F hot water running through process piping to heat 





to cycle air from the chamber through the heat exchanger and back into the chamber 
(Figure 1.3).  
       Figure 1.2 Boiler used to heat water to 190F  
       which is distributed to the 24 heat exchangers atop 
       the drying chambers. 
 
        Figure 1.3 Centrifugal fan pulls air from the chamber and pushes it 





A pneumatic control system (Figure 1.4) is utilized to set the desired temperature by 
controlling a normally open pneumatic water valve (Figure 1.5) inline as hot water exits 
the heat exchanger for the chamber. A pneumatic temperature transducer is utilized to 
read the current chamber temperature (Figure 1.6) and signal the pneumatic control 
system to adjust the hot water flow through the heat exchanger, resulting in more or less 
heat transfer to the air passing through the heat exchanger. 
      Figure 1.4 Pneumatic controller used to set room temperature and  
      regulate air pressure control to the hot water control valve. 
 




      Figure 1.6 Pneumatic temperature transducer reads current chamber  
      temperature and outputs signal to pneumatic controller. 
A pair of openings 3 ½ inches in diameter located in the ceiling of each chamber 
connect to the outside to allow for an exchange from within the chamber and the outside 
ambient air (Figure 1.7). The purpose of this air exchange is to remove a portion of the 
hot humid air during the drying process from within a chamber and replace it with cool 
dry outdoor air. Air exchange is aided by two centrifugal fans (Figure 1.8), or “exhaust 
fans”, drawing air from a chamber and due to negative suction pressure pulling ambient 
air into the chamber through another opening 3 ½ inches in diameter located in the 




            Figure 1.7 Openings in the back of  
      the chambers allow air to be 
      exchanged with ambient air. 
 
        Figure 1.8 Centrifugal fans (right) draw air out of the chamber and  
      causes ambient air to enter through the flexible ducting (left). 
Operating a drying chamber involves switching on separately the heating and exhaust 







exhausting some air and replacing it with outdoor ambient air. Drying chambers are 
typically set to temperatures of either 100°F for seed intended for planting or 140-160°F 
for all other materials. Drying carts can then be loaded and placed within the drying 
chambers. Plugins within the chambers provide power to the fans on the carts forcing air 
up through the material to be dried. Drying continues until the material is determined to 
be dry enough by the user. 
The drying chambers still closely resemble those designed and built in the 1960s but 
have fallen behind in terms of control and monitoring technology available today. During 
the past decade, original parts have been difficult to source, and broken parts have been 
replaced with other versions. Additionally, the boiler is approaching 60 years in operation 
and could fail at any time. With the time required to heat up the boilers hot water supply 
it is operated year-round to be available for drying when needed. This results in some 
unnecessary energy use and resulting excessive operating costs. A system update is 
necessary that includes implementing modern technology for controls and performance 
monitoring, and improved energy efficiency. This research will develop 
recommendations for improving the technology and operation of the chamber drying 
system located at the Iowa State University AEA Research Farm and provide an 








CHAPTER 2 - OBJECTIVES 
 
The objectives of this research were to: 
1. Evaluate the performance of the current heat exchangers for heating capacity and 
energy efficiency. (Addressed in Chapter 3) 
2. Research and evaluate alternative heating and control combinations for heat 
capacity and energy efficiency. (Addressed in Chapter 3) 
3. Evaluate airflow uniformity through drying carts, and identify and test strategies 
for improvement. (Addressed in Chapter 4) 
4. Evaluate heating and control combination systems utilizing a Net Present Cost 
(NPC) economic model to compare annual operating costs and net present costs to 
aid in the decision-making process for a replacement heating and control 













CHAPTER 3 - HEAT EXCHANGER OUTPUT  
AND EFFICIENCY TESTING 
3.1 Introduction 
 The Iowa State University Agricultural Engineering and Agronomy (AEA) Research 
Farm currently operates 24 batch drying chambers utilized for drying samples of material 
such as plant biomass and ear corn for seed. The chambers are currently heated by a 
single boiler and heat exchangers located above each drying chamber. Air is circulated 
from each drying chamber across a heat exchanger and back into the chamber. A double 
centrifugal fan is utilized to force air out of the chamber, creating a negative pressure 
within the chamber. Ambient air then enters through an opening in the chamber to 
balance this negative pressure. 
 The current operating system utilizes a pneumatic controller on each chamber to 
operate a valve controlling hot water flow through each heat exchanger. This setup is 
becoming outdated and needs updating or replacement in the near future. Testing was 
needed to identify the heat output and performance of the current operating system. In 
addition, an electro-mechanical control valve for the boiler-heat exchanger system and an 
electric duct heater system were tested as potential replacement alternatives for the drying 
chambers. 
 The current flow control valves in the hot water boiler system are non-proportional 
which increases the importance of the controller utilized to manage the heating 
application. The current pneumatic controller operates with a single temperature input 
and desired setpoint from which an air pressure is generated and sent to the control valve 
adjusting the hot water flow rate to maintain the desired setpoint. This control system is 
9 
 
known as feedback control or closed-loop feedback control (Mujumdar, 2015; Robinson, 
1992). In a feedback or closed-loop feedback control system the controller can work with 
three available actions: (1) proportional, (2) integral, and (3) derivative. Proportional gain 
involves the difference between the setpoint and the process variable, such as between the 
set air pressure and the resulting hot water flow. This develops the base of a control 
structure and from here an integral gain could be added. The integral gain, which sums 
the difference in the setpoint and process variable over time, is adjusted to drive the 
steady-state of the final difference between the setpoint and process variable to zero. This 
results in a steady-state output closer to the desired setpoint. From here a derivative gain 
could be added in which the output is adjusted if the process variable is changing rapidly. 
This helps smooth out operation but should be used carefully as systems can become 
unstable if used incorrectly. Control actions begin with a proportional gain from which 
integral or integral and derivative gain control can be added to best fit the control needs. 
In this project, the single input acts as a proportional pneumatic control. Additional inputs 
could also be used to act as integral gains but are not part of this system. This control 
system did not have the capabilities of incorporating derivative gain. 
 The electro-mechanical control and electric heating control systems would allow for 
incorporating updated control strategies. As implemented by Javanmard et al. (2009), a 
microcontroller-based monitoring unit is preferred over the use of an industrial capacity 
PLC based unit because of its lower cost and better suitability for small-scale 
applications. In their application, tea leaves were to be dried in a batch drying system by 
controlling the inlet and outlet temperatures of the air traveling across the leaves. A 
variation of this monitoring unit would allow the AEA Farm to more effectively monitor 
10 
 
and control the drying operations over the current pneumatic control systems. The 
difficulty would come however with multiple products that are dried with varying 
moisture contents. Within this monitoring system, proportional and integral gains could 
be implemented to maximize the efficiency of drying operations. 
 Another practice to highlight is intermittent drying, as described by Chua et al. (2003) 
as a drying process, often for heat-sensitive products, in which heat is applied in time 
specific intervals. Kumar et al. (2014) adds that during intermittent heating times 
moisture within samples is still transferring to the surface. However, in comparison to 
continuous heating applications the surface continually becomes drier, lowering the 
drying rate, and causing quality degradation and heat damage. A major advantage of this 
approach is energy savings versus continuous drying because of the specifically applied 
heat. When looking at the potential of electric heat exchangers as a replacement to the 
AEA Research Farms boiler-based hot water heat exchanger system, the implementation 
of intermittent drying could aid not only with energy aspects where moderate current 










 A study was conducted to evaluate the current heating and control system and to 
identify and test other methods for heating and control that would improve control 
technology and operation. Systems tested against the current pneumatic flow control hot 
water heat exchanger system included (1) electro-mechanical flow control for the hot 
water heat exchanger system, and (2) an electric heat exchanger replacement with 
microcontroller-based control. The three systems were tested for their heating capacity 
and efficiency. The goal of this study was to evaluate the performance of three heating 
and control system combinations to develop a recommendation for the Iowa State 
University Agricultural Engineering and Agronomy (AEA) Research Farm to improve its 
future operations of their drying chambers. 
 
3.2 Materials and Methods 
3.2.1 Pneumatic Hot Water Flow Control 
 3.2.1.1 Trial setup 
The existing pneumatic hot water flow control of the heat exchanger (Figure 3.1) was 
tested to determine the heat output and heating efficiency. The heat loss from the hot 
water running through the heat exchanger and the heat gain by the air across the heat 
exchanger needed to be calculated. To quantify total heat loss, the water flow rate 
through the heat exchanger and the water temperature drop across the heat exchanger 




                Figure 3.1 Current pneumatic hot  
     water flow control system across the  
     heat exchanger coil. 
An Omega FTB4807 flowmeter (Figure 3.2) was installed inline ahead of the 
Siemens normally open valve (Model 599-02044) with a pneumatic actuator (Model 599-
10188) that controls fluid flow. The actuator operates with a spring return across a range 
of three to eight psi control pressure. A Measurement Computing USB-1408FS data 
acquisition device was used to count pulses from the flowmeter and used to calculate 
average flow rates over measured time periods. T-type thermocouples were attached to 
the outside surface of the inlet and outlet pipes of the heat exchanger to measure the 
temperature of the water entering and exiting. A Measurement Computing USB-TEMP 
data acquisition device was used to read the thermocouples. The differences in the 




        Figure 3.2 Flowmeter installed inline of water exiting the  
      heat exchanger. 
 Heat gain of the air was measured with three T-type thermocouples placed on the 
inlet and outlet air sides of the heat exchanger to obtain a representative average for the 
incoming and outgoing air temperatures (Figure 3.3). These were measured by the same 
USB-TEMP data acquisition device. After all data collection instrumentation was in 
place, the air ducting for the heat exchanger was replaced and hot water pipe insulation 
was added to reduce heat loss from the hot water entering and exiting the heat exchanger 
(Figure 3.4) 
 
        Figure 3.3 Thermocouples installed to measure temperature drop 





Figure 3.4 Pneumatic control system ready for testing with all 
instrumentation, air ducting, and pipe insulation in place. 
The current operation controller acts as a thermostat and constantly adjusts the water 
flow rate to meet the desired temperature in the chamber. A modification was made to 
replace the current pneumatic hot water flow controller with an Omega EP211-X15-5V 
electro-pneumatic transducer (Figure 3.5). Together with an Arduino Mega, it was used 
to control signal voltage to the transducer. Programming code was written for the 
Arduino Mega in which input settings represented an output voltage that would be sent to 
the electro-pneumatic transducer. The transducer would receive this voltage and adjust to 
a representative output air pressure. This air pressure went to the flow control valve 
which then closed the valve, changing the flow rate by an amount corresponding to the 
air pressure received. This control system allows for non-varying flow rates to be set that 
could then be measured for performance, which the current control system could not. 
Control settings for the pneumatic-controlled valve recorded in the results and discussion 




        Figure 3.5 Electro-pneumatic transducer and Arduino Mega used  
to send air pressure control signals to the flow control valve. 
After initial rounds of testing, it became evident that temperature measurements to 
quantify the heat gained by the air across the heat exchanger were not sufficient to 
determine the enthalpy values based on psychrometric properties of the airstream 
entering and exiting the heat exchanger. In response, two DF Robot SEN0148 digital 
temperature and relative humidity sensors were added into the airstream, one on the inlet 
and one on the outlet side of the heat exchanger. An Arduino Mega was used to read the 
two sensors and a laptop was used to display the information read. Knowing the 
temperature and relative humidity values of the incoming and outgoing airstreams across 
the heat exchanger, the enthalpy values of the air were determined over time. With 
known enthalpy values and known airflow rate across the heat exchanger, the heat gained 
by the air can be calculated. The methods and procedures used for determining airflow 
rate across the heat exchanger are described in section 3.2.4. 
 Another concern that arose during initial testing was the accuracy of the measurement 
of hot water flow through the heat exchanger. It was not possible to install a flowmeter at 
least five pipe diameters upstream from the inlet without extending the piping. To 
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alleviate this concern additional piping was installed to extend the straight pipe length 
upstream of the flowmeter (Figure 3.6). This alleviated the accuracy concern for the flow 
rate measurements. 
 
        Figure 3.6 Additional piping was added to extend the section of  
      pipe upstream from the flowmeter before insulation was added. 
 
 3.2.1.2 Data collection and calculations 
 The initial setup took place in May and June 2017. Test runs began in late June and in 
July and were used to check and set sampling flow rates, heat control settings, and 
operating cycles. Sampling rates for thermocouple readings and flowrate settings were 
tested at 15, 10 and 5-minute intervals. Various settings were tested to gain an 
understanding of the relationship between hot water flow rates and controller settings. 
The goal was to determine a representative range of hot water flow rates and duration of 
each for the trials.  
17 
 
Ultimately, controller settings were selected with a sampling frequency of every 10 
minutes. The control settings were changed every hour in a stair-step cycle. The first trial 
runs took place from mid-July to early-August 2017. This protocol allowed for hourly 
averages based on six readings. These hourly averages were used to calculate the heat 
loss from the hot water and the temperature rise by the airstream across the heat 
exchanger. The measured data and calculated values for each control setting allowed for 
the determination of overall averages for each replicated control setting during multiple 
trials on the same or different days. Overall averages were determined for hot water flow 
rate, heat lost by the hot water, and heat gained by the airstream.  
To calculate the heat loss from the hot water, a series of equations had to be used to 
first calculate the volumetric and mass flow rates of the hot water during trials. Equation 
3.1 was used to calculate the volumetric flow rate. This was based on the number of 
pulses measured by the flow meter over the sampling frequency and the k-factor provided 
by the manufacturer for determining the flow from the number of pulses counted. 
Utilizing this volumetric flow rate of hot water and the properties of hot water during 
trials, the mass flow rate of hot water was calculated (eq 3.2). The temperature drop 
across the heat exchanger and the specific heat of water allowed for the calculation of the 














       (3.1)   
Where: 
 ?̇?𝑤 = volumetric flow rate of hot water (gal/min) 
 𝑝 = pulse count from flowmeter over sampling frequency 
 𝑡𝑠 = sampling frequency (sec) 
 𝐾 = k-factor (pulses/gal) 






   (3.2)   
Where: 
 ?̇?𝑤 = mass flow rate of hot water (lb/hr) 
𝜌𝑤 = density of water at 170°F (60.58 lb/ft
3) 
𝑄𝑤 =  ?̇?𝑤 ∗ 𝑐 ∗ ∆𝑇      (3.3)   
Where: 
 𝑄𝑤 = heat loss by hot water across heat exchanger (Btu/h) 
 ∆𝑇 = temperature drop of hot water across heat exchanger (F) 
 𝑐 = specific heat of water at 170°F, 1.0 (Btu/lb*F) 
Effects were also quantified based on the sensitivity of the percentage change in hot 
water flow rate, heat lost by the hot water, and heat gained by the air across the heat 
exchanger as a function of the change in the percentage of the control setting. This data 
and calculations were not included in this chapter because the initial trials did not allow 
for calculation of the change in enthalpy of the airstream. 
 In early April 2018, trials were conducted with the temperature and relative humidity 
sensors installed and piping added to extend the straight section upstream of the 
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flowmeter. The testing procedure was also updated. By utilizing the internal clock on the 
computer for recording timestamps of readings, a maximum trial length limit was set at 
24 hours. This allowed for running of these cycles during the four control setting periods 
with a sampling rate of every 10 minutes. Control settings were changed every hour in a 
stair-step cycle starting from the highest flow rate to the lowest one, and then back up. 
This approach allowed for six readings each hour except for the last one during a 24-hour 
period. Only data with six readings in a single control setting cycle were used for 
averaging calculations. Readings were taken once at the midpoint of each control setting 
cycle.  
 By measuring the temperature and relative humidity of the airstream the enthalpy was 
found utilizing an online psychrometric calculator (http://www.hvac-
calculator.net/index.php?v=2). The resulting heat gain by the air across the heat 
exchanger was then calculated. To calculate the heat gain by the air and the heat loss of 
the hot water, a series of additional calculations had to be done. With the measured air 
velocity, the volumetric airflow rate was determined based on the cross-sectional area of 
the duct (eq 3.4). Equation 3.5 was then used to find the mass airflow rate utilizing the 
volumetric airflow rate and the specific volume of the air entering the heat exchanger. 
With the volumetric airflow rate and the calculated change in enthalpy across the heat 







?̇?𝑎 = 𝑉 ∗ 𝐴       (3.4)   
Where: 
 ?̇?𝑎 = volumetric airflow rate (ft
3/min) 
 𝑉 = air velocity (ft/min) 




∗ ?̇?𝑎       (3.5)   
Where: 
 ?̇?𝑎 = mass flow rate of air (lb da/min) 
 𝑣 = specific volume of air entering the heat exchanger (ft3/lb da) 
𝑄𝑎 = ?̇?𝑎 ∗ ∆𝐻 ∗ 60 𝑚𝑖𝑛/ℎ𝑟      (3.6)   
Where: 
 𝑄𝑎 = heat gain by air across heat exchanger (Btu/h) 
 ∆𝐻 = change in enthalpy (Btu/lb da) 
 To further understand and compare the two control methods of the hot water heat 
exchanger the percentage change of variables between the lowest control setting and each 
other control setting were calculated. Those variables included the control setting, hot 
water flow rate, heat gained by the air, and the heat loss by the hot water. Equation 3.7 




∗ 100      (3.7)   
Where: 
 ∆𝑌 = Percent change from lowest flow 
 𝑋𝑛 = Comparative variable value 
 𝑋𝒊 = Initial or lowest flow variable value 
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3.2.2 Electro-mechanical Hot Water Flow Control 
 3.2.2.1 Trial setup 
 Given the limitations identified during the trials with the pneumatic flow controller, it 
was replaced with electro-mechanical flow control during the third round of trials. Using 
the electro-mechanical flow control, the inconsistency of air pressure could be overcome. 
The ability to have more precise control was also available over the 3-8 psi air pressure 
control range. Thermocouples used for measuring hot water temperatures and air 
temperatures entering and exiting the heat exchanger remained in the same locations as 
with the pneumatic flow control trials as did the temperature and relative humidity 
sensors.  
The Siemens pneumatic actuator (Model 599-10188) on the flow control valve body 
was replaced with a Siemens electro-mechanical actuator (Model ssc61u) (Figure 3.7). 
The actuator features a 0-10 voltage proportional control with non-spring return and 
power coming from a 120VAC to 24VDC converter. An NCD (Model PR46-15) one 
channel 0-10 voltage digital to analog converter was used with the Arduino Mega to send 
a 0-10 voltage control signal to the electro-mechanical actuator which in turn adjusts to 
control the hot water flow. Control settings recorded in the results and discussion section 




        Figure 3.7 Hot water heat exchanger with electro-mechanical control 
      ready for testing. 
 
 3.2.2.2 Data collection and calculations 
 After collecting the pneumatic flow control data in early April 2018, installation and 
testing of the electro-mechanical flow controller began in late-April. Initial testing found 
the control settings to use for the third round of trials. A test run cycling through 17 
different control settings, from 0-4095,  was conducted to identify a select number of 
potential settings for the trials. This range of numbers is representative of the 12-bit 
resolution between the Arduino Mega and electro-mechanical actuator. A second test was 
run with eight different control settings that were subsequently narrowed to five which 
were ultimately used for the trials. Five control settings instead of four as was used 
during the pneumatic flow control trials allowed for improved distribution of hot water 
flowrates over a larger control range. Testing procedures were maintained as close as 
possible to those used during the pneumatic flow control trials. Sampling frequency was 
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10 minutes, control setting cycles utilized a stair-stepping pattern from high to low and 
then back up, and cycle durations lasted 1 hour per control setting. With the five control 
settings for the electro-mechanical flow control trials, two down-up stair step cycles 
could be completed in a 24-hour period plus a partial next down cycle. The last control 
setting data was not used due to an incomplete hour of data collection. Once all data was 
collected, hot water flow rate, hot water heat loss, and heat gain by the airstream were all 
calculated based on the hourly averages and again overall for each control setting. The 
percentage change in hot water flow rate, heat lost by the hot water, and heat gained by 
the air across the heat exchanger as a function of the change in the percentage of the 
control setting were also calculated. 
 
3.2.3 Electric Heat Exchanger 
 3.2.3.1 Trial setup 
 After completing trials with the electro-mechanical flow control on the hot water 
heating system in late-April/early-May 2018, installation of a custom order electric heat 
exchanger to replace the hot water heat exchanger began (Figure 3.8). The electric heat 
exchanger was quoted and ordered through Tutco Heating Solutions Group with 
specifications for operating on 208V 3-phase electricity that was already available in the 
building that houses the drying chambers. 208V 3-phase electricity was designated for 
this project due the ease of hookup with the available electrical power supply. Other 
power options could be also utilized when planning for 24 electric heat exchangers. 
A power output rating of 10 kW was requested based on the hot water heat loss 
calculations from the initial pneumatic flow control trials. This rating was expected to 
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closely match the maximum output available from the hot water heat exchanger. While 
the hot water heat exchanger works on proportional flow control to regulate heat output, 
the electric heat exchanger operates on a single stage on/off control. The 208V 3-phase 
power is controlled through a magnetic contactor. The magnetic contactor is turned on 
and off with a 24VDC control circuit. The Arduino Mega used in previous trials was 
combined with a SunFounder 5VDC relay to control the 24VDC control circuit turning 
on and off the electric heat exchanger. Temperature cutout switches and an airflow switch 
were also built into the electric heat exchanger to allow safe operation and protection of 
the heat exchanger from damage due to overheating. 
 
         Figure 3.8 Electric heat exchanger installed to replace the  






 Once the heat exchanger was operational, sensors were added as in the previous trials 
with three thermocouples installed on each the inlet and outlet sides of the heat exchanger 
(Figure 3.9). The thermocouples used for measuring the hot water inlet and outlet 
temperatures were not needed in this setup. The DF Robot temperature and relative 
humidity sensors were installed with one placed on each the inlet and outlet sides of the 
heat exchanger near the thermocouples (Figure 3.10). Once all sensors were in place, the 
air ducting was replaced, and the electric heat exchanger was ready for testing (Figure 
3.11). 
 
         Figure 3.9 Thermocouples installed to measure inlet and outlet  





        Figure 3.10 Temperature and relative humidity sensor 
        located next to a thermocouple on the air inlet side of the electric  
      heat exchanger. 
 
      Figure 3.11 Air ducting and controller installed on the electric heat  





 3.2.3.2 Data collection and calculations 
 Testing with the electric heat exchanger began in mid-May 2018. Given the heater 
operated with a single stage on/off control, the testing procedure had to be modified 
compared to those used with the pneumatic and electro-mechanical flow control trials. 
The sampling frequency of 10 minutes and a cycle duration of 1 hour remained 
unchanged. However, cycles ran for only three instead of 24 hours because there was 
only one control setting of on or off. 
 In a 3-phase delta load system, the line voltage and line current associated with the 
heater running must be quantified. This was done by first measuring and calculating the 
average voltage and average current across each phase. With a 3-phase delta load system, 
the line voltage is equal to the phase voltage as seen in Equation 3.8. However, the line 
current must be calculated in accordance with 3-phase load equations as shown in 
Equation 3.9. Finally, with line voltage and current values known, the power output or 
the heat exchange due to electrical power was calculated utilizing Equation 3.10. 
𝐸𝑙𝑖𝑛𝑒 = 𝐸𝑝ℎ𝑎𝑠𝑒          (3.8)   
Where: 
 𝐸𝑙𝑖𝑛𝑒 = line voltage 








𝑙𝑙𝑖𝑛𝑒 = √3 ∗ 𝑙𝑝ℎ𝑎𝑠𝑒      (3.9)   
Where: 
 𝑙𝑙𝑖𝑛𝑒 = line current 
 𝑙𝑝ℎ𝑎𝑠𝑒 = phase current 
 
𝑃 =  √3 ∗ 𝐼 ∗ 𝐸 ∗ 3412.142
𝐵𝑡𝑢/ℎ
𝑘𝑊
    (3.10)   
Where: 
 𝑃 = electrical power use (Btu/h) 
 𝐼 = current (Amps) 
 𝐸 = voltage (Volts) 
 
3.2.4 Airflow Measurements 
 In order to calculate heat gain by the airstream across the heat exchanger, the airflow 
rate in the duct is needed. ASHRAE Standard 111 for traversing a rectangular duct was 
followed by measuring air velocities and then calculating average airflow rate through the 
duct based on duct cross-sectional area. Duct size is 24 inches wide and 12 inches high 
resulting in a cross-sectional area of 2 ft2. Following the Log-Tchebycheff Rule, a grid of 







Air velocity readings were then taken at the 25 points where a row and column line 
intersect utilizing a TSI Velocicalc air velocity meter (Model 9535-A) with ±3% of 
reading accuracy. Once all 25 points had been measured an average airflow rate in cubic 
feet per minute was calculated by taking the average air velocity of the 25 points times 
the cross-sectional area of the duct. Under good field conditions, error of this method can 
range from 5-10% (ASHRAE, 1988). Given the design of the heating cycle, good field 
conditions cannot be met due to a lack of adequate length downstream from the heat 
exchanger for a uniform velocity profile. Under these conditions 10-30% error is 
common compared to good duct transverses. In July 2017, air velocity readings in the 
duct were taken three separate times resulting in a larger sample for averaging airflow 
through the hot water heat exchanger used by the pneumatic and electro-mechanical flow 
control methods. Air velocity measurements were taken in the same manner with the 
drying chamber door open and the exhaust fan in the chamber on. Measurements were 
also taken with an air temperature around 100°F, which was roughly the heat exchanger 
inlet air temperature for all trials utilizing the hot water heat exchanger. In May 2018, air 
velocity readings were taken in a similar manner to calculate airflow rate through the 
electric heat exchanger. Readings taken were measured at an air temperature of around 








3.2.5 Data Analysis 
 Microsoft Excel was used to organize and perform some of the calculations. Visual 
Basic for Applications (VBA) add-on within Excel was used to write scripts to read the 
Measurement Computing data acquisition devices and perform basic calculations. Data 
collected with the temperature and relative humidity sensors were manually recorded, as 
was voltage and current measurements from the electric heat exchanger. Enthalpy values 
were determined with an internet-based psychrometric calculator (http://www.hvac-
calculator.net/index.php?v=2) with values being manually entered into Excel. 
 
3.3 Results and Discussion 
3.3.1 Pneumatic Flow Control 
 Testing the pneumatic control system on the hot water heat exchanger system 
identified the baseline that the other heating and control combinations would be 
compared against. Figure 3.12 presents the recorded inlet and outlet heat exchanger 
temperatures from the trial utilizing the pneumatic flow control trial. These temperatures 
compared to the also included hot water flow rates show the impact the control valve has 
when increasing and decreasing flow control. This valve control when decreasing 
responds as would be expected with steady decreases in flow rate. On the increasing 
control settings there appears to be a delayed response with a large jump once high flow 
control settings were met. This action results in larger differences between the desired 
temperature and actual temperature. This should be noted when setting the temperature to 




Figure 3.12 Heat exchanger inlet and outlet temperatures and hot water flow rate during 
pneumatic flow control heat exchanger output trial. 
 
Table 3.1 shows the data summary from the pneumatically controlled hot water heat 
exchanger trial, in which the fluid flow rate, heat gained by the air, heat lost by the hot 
water, and heating efficiency are shown for each control setting tested. The percentage 
change of control setting, flow rate, air gain, and fluid loss for each control setting from 
the lowest are also given in Table 3.1. 
Operating a proportional control actuator on a non-proportional valve can be difficult 
to control and sometimes result in unwanted outputs. By comparing the change in control 
setting and change in fluid flow data a trend can be seen in the 181 and 192 control 
settings. With the 255, or full open control setting, however, a difference in the trend is 
noticeable. This is caused by the non-proportional valve having a series when the fluid 
flow rate increases rapidly with small control adjustments due to the design of the valve. 
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By utilizing the feedback pneumatic PI controllers this is managed, and adjustments are 
constantly made to achieve the desired temperature. 
In terms of the heat gained by the air and the heat loss by the fluid, a similar trend of 
nearly doubling the change for each increasing control setting can be seen. However, the 
heat gained, and the heat loss has a much less value change across the span of all control 
settings. With this small heat change, we get an understanding of the drying chambers 
inability to apply heat for lower temperature drying (80-100F). Finally, with the heat 
exchange efficiencies identified, comparisons of energy use can be made with the other 
tested system combinations. 
Table 3.1 Data summary for pneumatically controlled hot water heat exchanger trial. 
 
 
3.3.2 Electro-mechanical Flow Control 
 By utilizing the electro-mechanical control versus the pneumatic control there is an 
expectation to gain more precision in the control of the fluid flow and the resulting heat 
gains and losses of the air and hot water, respectively. In addition to the increase in 
precision or as a result of an expectation of having lower range control and gaining the 
ability to apply heat for lower temperature drying was also made. Figure 3.13 presents the 
inlet and outlet heat exchanger temperature data for the electro-mechanical flow control 
trial along with hot water flow rates. Table 3.2 shows the results of the data summary 
collected in the electro-mechanical control trial. 
170 1.31 ±0.02 24,324 ±748 -30,196 ±445 80.6%
181 6.5% 1.52 ±0.24 16.2% 25,474 ±2453 4.7% -31,281 ±1631 3.6% 81.4%
192 12.9% 1.73 ±0.36 32.1% 27,263 ±2199 12.1% -32,893 ±2476 8.9% 82.9%






















Figure 3.13 Heat exchanger inlet and outlet temperatures and hot water flow rate during 
electro-mechanical flow control heat exchanger output trial. 
 
With the electro-mechanical actuator, it can be seen from the flow rates in figure 3.13 
compared to figure 3.12 that steadier flow rates are more responsive, especially when 
increasing the desired temperature setting. Drying temperatures can then be closer to the 
desired temperature as well as having less impact on controller adjustments. Figures 3.12 
and 3.13 also show the general temperature operating ranges at which drying can take 
place. This operating temperature range has been noted as being small with lower 
operating temperatures considered an added benefit to the AEA Research Farm. 





















































Inlet Air Temperature Outlet Air Temperature Hot Water Flow Rate
3583 1.30 ±0.02 20,498 ±672 -23,944 ±712 85.6%
3327 -7.1% 1.40 ±0.02 7.5% 20,194 ±1038 -1.5% -24,653 ±394 3.0% 81.9%
3071 -14.3% 1.67 ±0.06 28.4% 22,011 ±1030 7.4% -25,823 ±909 7.8% 85.2%
2815 -21.4% 1.97 ±0.08 51.6% 23,330 ±1385 13.8% -27,136 ±1288 13.3% 86.0%





















 With the electro-mechanical actuator, more refined control can be made over the 
pneumatic actuator based on the available range of 0-10 VDC versus 3-8 PSI. The 
adjusted control settings for trials with the electro-mechanical control resulted in fluid 
flow rates similar to those in the pneumatic control rates. The change rates of control 
setting and fluid flow followed a similar trend to those from the pneumatic control data 
summary with the difference coming from the control settings having a larger range to 
change over. 
 Looking at the values for heat gained by the air and heat loss by the fluid, a decline in 
heat exchange can be seen due to heat loss from the heat exchanger. The change rates for 
heat gain and heat loss follow closely to those seen in the pneumatic control data 
summary with changes ranging around -1.5-5% at the lowest flow control setting to 17.6-
22.8% at the highest flow control setting. Heating efficiencies expectedly were also close 
to those seen with the pneumatic control. 
 
3.3.3 Electric Heat Exchanger 
 Electric heat exchanger data, summarized in Table 3.3, shows the calculated heat 
gained by the air, heat lost through electrical power, and the calculated heating efficiency 
during the trial. With the single stage control and only on-off control settings, change in 
control settings could not be calculated. The electric heat exchanger did have heat gained 
by the air near the upper end of the pneumatic control setup which is what was expected 
based on sizing the electric heater from the initial pneumatic control trials. Electrical heat 
loss, calculated as 32,833 Btu/h, was near the rated value of 34,121 Btu/h. Heating 
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efficiency (82.3%) was near that of trials utilizing the hot water heat exchanger even 
though that was a tube and fin style and the electric one utilized an open coil. 




 This study evaluated the heating capacity and efficiency of the current pneumatic 
flow control hot water heat exchanger system against an electro-mechanical flow control 
and electric heat exchanger systems that would improve control technology and operation 
for a 24-chamber drying system at the Iowa State University Agricultural Engineering 
and Agronomy (AEA) Research Farm. The specific conclusions of this study are: 
• The pneumatic controlled system was evaluated to operate with a hot water flow 
rate from 1.31 to 2.25 gal/min, resulting in heating capacity from 24,324 to 
29,880 Btu/h. Heating efficiency of 80.6 to 83.2% was calculated from the heat 
gain and heat loss measurements. Based on this evaluation, if the current 
pneumatically controlled system were to be retained, it is recommended to verify 
pneumatic actuators quality and replace the pressurized air supply equipment to 
provide a more stable and reliable supply of air for control of the flow control 




ON 27,009 ±332 -32,833 82.3%
Control 
Setting








• The electro-mechanical control system provides more accurate control and 
removes the need for a pressurized air supply at a specific pressure for pneumatic 
control. However, better control to achieve lower drying air temperatures was not 
observed presumably because of excessive boiler capacity. 
• The calculated heating capacity for the electro-mechanical trials was 16.9-19.3% 
lower compared to the pneumatic control results (20,194-24,113 Btu/h). Hot 
water flow rates (1.3-2.34 gal/min) and heating efficiency (81.9-86.0%) were 
similar to the pneumatic control data. With heating capacity levels near those of 
pneumatic control trials, a microprocessor-based PID controller could be designed 
to control the operation. 
• The electric heat exchanger provided a heating capacity of 27,009 Btu/h which 
compared well to the pneumatic controlled system. The calculated heating 
efficiency was 82.3%. In terms of heating capacity and efficiency, this would be 
an appropriate replacement to the pneumatically controlled boiler-based hot water 
heat exchanger system. Furthermore, with a microprocessor-based PID control 
and intermittent drying practice as described by Kumar et al. (2014), modern 
technology and improved practice could maximize drying efficiency while 
managing energy requirements. Electric duct heaters have the additional 
advantage to have different specifications, such as number of stages or heat 






CHAPTER 4 – EVALUATION OF AIRFLOW UNIFORMITY  
THROUGH PLANT MATERIAL DRYING CARTS 
4.1 Introduction 
4.1.1 Background 
 At the Iowa State University Agricultural Engineering and Agronomy (AEA) 
Research Farm a system of 24 drying chambers is utilized to dry down small lots of plant 
material. Materials to be dried are placed within drying carts (Figures 4.1 - 4.3) each 
equipped with a fan to force air up through the material. Up to four carts can be placed 
inside a drying chamber. Fans are plugged into electrical outlets. 
 
      Figure 4.1 Drying cart equipped with a fan used to dry small lots  




      Figure 4.2 Drying carts utilize a perforated floor to allow air up  
      through material being dried. 
 
        Figure 4.3 Centrifugal fan at the bottom of the drying cart used to  
      force air up through material to be dried. 
 Figure 4.4 shows a side view of the current drying chambers with airflow patterns 
resulting from air handling equipment. Figure 4.5 shows the interior of a drying chamber. 
Air from the chamber is heated by entering ductwork through a filter on the ceiling near 
the door of the chamber, then forced across the heat exchanger before re-entering through 
an open ceiling duct in the center of the chamber. Drying carts then force the heated air 
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within the chamber through the material to be dried, generating warm moist air. To 
alleviate the buildup of moist air inside the chamber, air is exchanged with the aid of an 
“exhaust” fan above the chamber. Ambient air enters the drying chamber through an open 
tube from the chamber to outside the building. Negative pressure in the chamber created 
by the exhaust fan removing air from the chamber draws ambient air into the chamber as 
needed. 
 
  Figure 4.4 Side view of drying chamber with two of four drying carts and 




           Figure 4.5 Drying chamber interior with a maximum of four drying carts  
           and view of ceiling with air filter through which air is drawn across the heat  
     exchanger on top of the chamber. 
 There are numerous designs of batch drying (Mujumdar, 2015). The drying chambers 
in this study while not a direct match, operate based on similar principles. A number of  
studies have been conducted to improve drying uniformity in common batch drying 
systems (Margaris & Ghiaus, 2006; Pougatch et al., 2003; Precoppeet al., 2015; Román et 
al., 2012; Zhang & Long, 2017) Principles for achieving drying uniformity documented 
in those studies were used to improve operation of this system. 
 Amjad et al. (2015) evaluated a batch dryer with a diagonal airflow channel to 
distribute airflow uniformly across the drying surface. This is the same strategy as used in 
each of the drying carts to even out and obtain a more uniform vertical airflow through 
the carts. Amjad et al. (2015) also developed a tray drier that utilizes air recirculation for 
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reduced energy use. Their design, while smaller, shares principles similar to the drying 
chambers being tested. They noted that when utilizing air recirculation non-uniform 
drying can occur and was taken into consideration in their design. This was partially 
observed when heated air was recirculated in the drying chamber and highlights the 
importance of directing the heated air to the inlet of each drying cart which can then force 
the air across the material to be dried. One way of directing heated air to the inlets of the 
drying carts is with baffles. As described by Bogdan (2015), baffles are commonly used 
to improve airflow in drying kilns.  
 By testing and incorporating improvements for airflow uniformity the expectation 
would be that drying uniformity between the carts would also improve. By utilizing 
practices described by Van Meel (1958) moisture content of the material to be dried and 
the drying potential of the air could be determined from which estimated drying times 
could be calculated. Estimated drying time could would provide value to the AEA 
Research Farm in potential energy savings or in design of an electronic controller for the 
chambers. 
 
4.1.2 Chamber Uniformity/Temperature and Relative Humidity Locations 
 Starting in October 2017, trials were conducted to determine the ideal location to 
measure the temperature and relative humidity that best represent the conditions within 
the drying chambers. In these trials, thermocouples were placed around the drying 
chamber to get an initial understanding of the temperatures during operation (Figure 4.6). 




thermocouples to gather additional temperature and relative humidity readings (Figure 
4.7). Figure 4.8 shows the drying chamber setup for data collection. Initial collected data 
(Figure 4.9) shows noticeable temperature differences throughout the chamber. One 
location to note is the back low reading (outlined arrow in figure 4.6) which is roughly 
the location of where the back left drying cart would be located with assumption that the 
incoming ambient air is impacting the temperature in this location. Relative humidities 
were consistent across all locations.  
 
                    
           Figure 4.6 Thermocouples located around the  
       drying chamber to measure temperatures during  




           Figure 4.7 Kestrel DROP temperature and relative 
       humidity sensor hung from one thermocouple  
       location for data collection. 
 
 
            Figure 4.8 Drying chamber ready for data collection. 
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Figure 4.9 Chamber uniformity/ temperature location readings from evaluating 
temperature variation around the drying chamber. 
 
4.1.3 Air Distribution Smoke Tests 
 Given the observed differences in temperatures across the drying chamber, further 
investigation into the cause was done by utilizing smoke tests to gain an understanding of 
the airflow patterns during dryer operation. A GoPro camera was set up to record video 
of the smoke traveling around the drying chamber. Smoke candles were utilized to emit 
smoke that would travel along the airflow patterns in the chamber. Areas of interest 
included the heating cycle outlet, the ambient air inlet, and drying carts. Videos were then 
reviewed and used to make decisions on strategies for improving airflow distribution 
uniformity through the drying chamber and carts. 
The goal of this project was to quantify the uniformity of airflow through the drying 
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of interest included the heating cycle outlet, the ambient and exhaust air exchange, the 
orientation of the drying carts, and the fan orientation on the drying carts. Based on these 
evaluations specific recommendations to improve drying of plant materials in the 24-
chamber drying system were developed for the Iowa State University AEA Research 
Farms. 
 
4.2 Methods and Materials 
 To maximize the performance of the drying chambers, the uniformity of airflow 
among the drying carts should be as consistent as possible. Uniform airflow with uniform 
temperatures will result in a uniform drying effect of plant material. To quantify this, 
uniformity coefficients based on the temperature of the air within the drying carts were 
calculated to compare different operational strategies and drying chamber improvements 
against each other in order to recommend strategies to the research farm. Airflow among 
the carts was assumed the same given matching drying cart fans and motors. To 
determine airflow temperature uniformity of the current drying cart setup, conditions 
within each cart needed to be measured under normal operating conditions.  
Testing of airflow temperature uniformity through drying carts took place during two 
rounds. The first round took place in January and February of 2018 and focused on 
testing the current drying chamber setup. Small improvements were implemented to test 





Trials in the first round only utilized a pneumatic control system to maintain constant 
hot water flow through the current hot water heat exchanger for the duration of trials. The 
second round of trials took place from April to June 2018. It focused on testing several 
improvements installed together with multiple heat source and control combinations in 
conjunction with another research study. 
 
4.2.1 First Round Testing 
 4.2.1.1 Trial setup 
The initial drying chamber setup reflected the current operational strategy. Drying 
carts were placed inside the chamber with all drying cart fans toward the door of the 
chamber as shown in Figure 4.4. One Kestrel DROP temperature and relative humidity 
sensor (Model D2) was placed in each of the four drying carts (Figure 4.10). A fifth 
DROP sensor was placed in the heating duct inlet where the pneumatic control system 
measured chamber temperature (Figure 4.11). DROP sensors collected temperature and 
relative humidity data of air moving through the drying carts. 
One T-type thermocouple was placed top-center in each of the four drying carts with 
the DROP sensors as seen in Figure 4.10 to measure temperatures in high heat output 
trials where the DROP sensors would be out of their operating range. Additional 
thermocouples were placed to measure the heating duct inlet and outlet air, chamber 
exhaust air, and a point of interest for relative room conditions located on the ceiling 
between the heating duct inlet and outlet. Thermocouples were read by a Measurement 





            Figure 4.10 Thermocouple and DROP temperature  




            Figure 4.11 Thermocouple and DROP temperature 
       and relative humidity sensor placed within the  
       heating cycle inlet. 
 
4.2.1.2 Cart orientation 
 After running trials on the current operational set up of the drying chambers and 
conducting smoke tests, it could be seen that improving airflow distribution in the 
chamber could improve drying uniformity in the carts. The first strategy involved rotating 
the two drying carts closest to the chamber door around so the fans on all four carts were 
in the middle of the room, underneath the heating duct outlet (Figure 4.12). The reason 
was that the carts near the chamber door were drawing in air that was further from the 
heated air outlet and thus not reaching temperatures as high as the other two carts. This 
strategy was simply operational and would be easy to implement without any cost 
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incurred or need to modify the drying chambers or carts. Trials run in mid-January 2018 
utilized this revised procedure when testing the current drying chamber setup.  
 
Figure 4.12 Side view of drying chamber for testing revised drying cart 
orientation. 
 
4.2.1.3 Heating outlet duct register 
 After testing the current drying chamber set up with the drying carts near the chamber 
door, an additional solution to mix the hot drying air in the chamber was still needed. To 
improve the distribution and mixing of the heated air entering the drying chamber, two 
duct registers were modified and installed at the heating duct outlet (Figure 4.13). The 
duct registers have fins to help distribute the air in each direction as seen in Figure 4.14. 
Utilizing duct registers would incur a small cost ($45 per chamber), but they are easy to 
install and require no maintenance. 
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Smoke testing was done following the installation of the registers to visually see the 
impact on air distribution as well as testing airflow temperature distribution through the 
drying carts. Trials also included locating the drying cart fans in the middle of the 
chamber which were conducted in late-January through early-February 2018. In mid-
February 2018 trials were run with the drying carts in their normal orientation and the 
new duct registers.  
 
            Figure 4.13 Duct register extensions installed in  




        Figure 4.14 Duct register installed on the heating outlet with  
      arrows showing the register fin directions. 
 
4.2.1.4 Data collection and analysis of airflow temperature uniformity index 
Data was collected from the USB-TEMP data acquisition device by utilizing 
Microsoft Excel and Visual Basic Applications (VBA) add-on to write a script in which 
measurements were taken and recorded into a spreadsheet. Kestrel DROP data was 
exported from the sensors in a .csv format by Bluetooth technology. Excel was then used 
to format the data for calculations and interpretation. Given that the earlier trials did not 
have thermocouple temperature data for each drying cart the Kestrel DROP data was 
utilized for calculating uniformity coefficients and reporting of analyzed data. 
Initial trials taking place in early-January 2018 were undertaken to observe the 
operation of the drying chambers utilizing the pneumatic control system to control flow 
through a hot water heat exchanger. The heat for the chamber was applied at a constant 
rate throughout the duration of the trials. Trials were frequently started with the drying 
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chambers cool to observe conditional changes during heat up, while also observing the 
rate and time taken to heat up chambers. To observe these changes during heating up, a 
sampling frequency of 10 minutes was utilized for temperature and relative humidity 
readings from the DROP sensors in the first two trials and then adjusted to a 5-minute 
frequency for the later trials. Trials varied in duration and ranged from 3-8 hours. 
Once all readings were recorded, averages of the four carts were calculated for each 
timestamp. The average of the four carts was subtracted from each individual cart reading 
to see which carts were running warmer or cooler than the group. A uniformity 
coefficient utilized by Ramirez (2017) was calculated for each timestamp by utilizing 
Equation 4.1 to relate the average deviation of each cart from the average of the four 
carts. Coefficients with a value of 1 indicate perfect uniformity. The average uniformity 
coefficient for the last 5 hours of data for each trial was utilized to compare improvement 
strategies. 








𝑖=1       (4.1)   
Where: 
 𝛾 = uniformity coefficient (dimensionless) 
𝑛 = sample size (n = 4 carts) 
 𝑇𝑖 = individual cart reading every 5 or 10 minutes (°F or % RH) 







4.2.2 Second Round Testing 
 4.2.2.1 Trial setup 
With the first round of trials identifying simple and low-cost solutions to improve 
airflow temperature distribution through the drying carts, the second round of trials, 
which took place from Mid-April to Mid-June 2018, focused on testing several 
improvements that focused on improving the entire drying chamber system approach.  
The current drying chamber system as seen in Figure 4.4 operates with multiple 
counteracting airflows. The drying carts are pushing air up against the hot air entering the 
chamber from the heating duct. Ambient air entering the chamber likely short circuits 
across the chamber and exits the chamber with the exhaust air. An improved strategy 
would look to remove these counteracting airflows and form a balanced system that 
would improve airflow temperature distribution through the drying carts. 
 Multiple strategies were implemented and tested together for a systematic approach to 
controlling airflow and in-turn improving drying cart performance. Improvement 
strategies included: (1) the addition of the duct register previously tested, (2) installing 
ducting to drop the chamber exhaust and ambient air inlets near the floor, (3) modifying 
the drying carts so the fans draw air through the carts instead of blowing up, and (4) 
rotating the carts so the cart fans are along the outer wall of the drying chamber. Figure 
4.15 shows the drying chamber layout with these strategies implemented and tested 





       Figure 4.15 Side view of drying chamber for testing air distribution 
improved strategies. 
 
4.2.2.2 Ambient air inlet and exhaust outlet 
 After the first round of testing an impact on the airflow temperature uniformity 
between the drying carts was noticed and is presented in Section 4.3.1. The cool 
incoming ambient air was potentially causing the closest drying cart to have a lower 
temperature than the remaining carts. Also, the exhaust fan was drawing the warmest air 





Figure 4.16 shows ducting installed to reduce the impact of the air exchange by the 
ambient air coming in and the exhausting air on the drying carts closest to them. Also 
seen in Figure 4.16 is plywood sheets installed to protect the ducting from being crushed 
by the drying carts when rolled into the drying chamber. 
 
       Figure 4.16 Ambient air inlet and exhaust outlet  
       extended to the floor to reduce the impact on  
       drying carts closest to them. 
By dropping ducting near the floor, the ambient air will mix more thoroughly with air 
exiting the closest drying cart and thus not impact the hotter inlet air at the top of the cart. 
Figure 4.17 shows the ambient air ducting installed over the inlet where air was entering 
the drying chamber. Figure 4.18 shows the ambient air ducting outlet located near the 




            Figure 4.17 Ducting installed to extend the  
       ambient air inlet down to the floor. 
 
            Figure 4.18 Ambient air ducting outlet near the  
       floor of the drying chamber. 
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The exhaust air duct inlet near the floor of the chamber draws cool-moist air from the 
floor of the chamber to aid in removing as much moisture from the chamber as possible 
instead of drawing the warm air from the ceiling inlet. This helps maintain chamber 
temperatures while removing moisture from the drying process. Figure 4.19 shows a box 
built around the two holes in the ceiling going to the exhaust to reduce the number of 
ducts needed to one. Figure 4.20 shows the drying chamber with the ducting drops 
installed and drying carts in place.  
 
            Figure 4.19 Box built around the current holes in   
       the ceiling for exhausting air with the ducting drop 




        Figure 4.20 Drying chamber with ducting drops installed and  
      drying carts in place. 
 
4.2.2.3 Drying carts  
As mentioned earlier and seen in figure 4.15 two changes to the configuration of the 
drying carts were tested to improve the airflow temperature distribution of the drying 
carts. The first was to reorient the fan on each drying cart to draw air through the cart 
instead of blowing air through the cart (Figure 4.21). As seen in figure 4.3 the current 
drying cart setup has the fan forcing air from the bottom of the chamber into the cart and 
up through the material to be dried. This resulted in airflows counteracting the heated air 
from the heating duct.  
 The second change was to reorient the carts so the fans on the drying carts are along 
the outside walls of the drying chamber (Figure 4.15). This resulted in the drying carts 
being closer together directly under the outlet of the heated air from the ceiling duct. 
Orienting the carts this way was the final step to the systematic approach of improving 
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airflow temperature distribution and uniformity of drying in the carts within the drying 
chamber. Air from the heating duct is drawn into the drying carts and forced out at the 
floor along the walls of the drying chamber. This air is then either drawn up along the 
chamber door and back into the heating cycle, into the exhaust duct and removed from 
the chamber or mixes with the incoming ambient air. 
 
        Figure 4.21 Fan on drying cart reoriented to draw air through the  
      cart. 
 
4.2.2.4 Data collection and analysis of airflow temperature uniformity index 
 Trials that took place from Mid-April 2018 to Mid-June 2018 tested the combined 
strategies for an improved airflow temperature uniformity index. Thermocouples 
measured temperature in each of the four drying carts, the heating duct inlet and outlet, 
the ambient air inlet, and the exhaust airstream were read utilizing the USB-TEMP data 
acquisition device and recorded in Microsoft Excel. Kestrel DROP temperature and 
relative humidity data were collected from each of the four drying carts and the heating 
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duct inlet. DROP data was exported and Excel was utilized to format data for calculations 
and interpretation as in the first round of testing. 
 Trials all utilized the same drying chamber setup with the multiple strategies for 
improved airflow distribution and drying cart performance. Trials differed by utilizing 
three different heat source and control method combinations in conjunction with another 
research project. The first combination, similar to the current drying chamber setup, 
utilized a hot water heat exchanger and a pneumatic flow control valve to proportionally 
control the available heat. The second combination replaced the pneumatic with an 
electro-mechanical one. The third combination replaced the hot water heat exchanger and 
control valve with an electric heat exchanger. Trials utilizing the hot water heat 
exchanger had the control valve set at a constant flow rate for the duration of trials. For 
trials utilizing the electric heat exchanger, a thermostat was installed to maintain the 
drying chamber at a desired temperature. 
 Data collection was conducted in the same manner as in the later first round trials, 
utilizing a sampling frequency of 5 minutes. Once all data was recorded and formatted, 
calculations were made to find the average values for each drying cart. Equation 4.1 was 
used to calculate the uniformity coefficient for each timestamp. An average of the 
uniformity coefficient for the last 5 hours of each trial was calculated and utilized in 
comparing trials against each other. Due to temperature restrictions of the Kestrel DROP 
sensors data could not be accurately collected for temperature readings above 140F. 
With multiple trials not having DROP data the thermocouple temperature readings were 




4.3 Results and Discussion 
 By calculating the drying cart uniformity coefficient, uniformity can be compared 
between trials and according to a scale with a maximum of 1.0. Improvements can then 
be evaluated, and a recommendation can be made to the research farm. 
 
4.3.1 First Round 
Figure 4.22 presents the temperature readings for each drying cart and their average 
for the setup of drying carts in their normal positions and no duct register installed. From 
these data readings the uniformity coefficient is calculated.  
 
Figure 4.22 Drying cart temperature readings and average during uniformity drying trial 





Figure 4.23 shows the cart temperature readings and their average for the setup of 
drying carts in their normal position and the duct register installed. From figure 4.22 a 
range of about 15F can be seen between the drying cart temperatures toward the end of 
the trial collection. Compared to figure 4.23 where a range of around 8F was observed, 
this may seem minimal but when incorporating the averages, from which the drying 
setpoint would be determined, the difference between the warmest drying cart and the 
average could result in damage to heat sensitive materials. Temperature collection figures 
for trials testing the drying cart fans positioned in the center of the chamber with and 
without the duct register are located in Appendix A. 
 
Figure 4.23 Drying cart temperature readings and average during uniformity drying trial 





 Table 4.1 shows the uniformity coefficient with one standard deviation uncertainty 
based on 5-hour averages for the hot water heat exchanger with pneumatic control and 
combinations of two different improvement strategies. From the first-round trials, the 
current system setup operated with a uniformity coefficient of 0.892. By adjusting the 
drying carts orientation so the fans were all in the center of the chamber a uniformity 
coefficient increase to 0.944 was achieved. This improvement resulted from heated air 
being directed toward the inlets of the fans on the drying carts. With the addition of the 
duct register at the heated air duct outlet, another increase in uniformity coefficient was 
seen. This increase, however, was the same whether the drying carts were in their normal 
orientation or with the fans in the center of the chamber. Increased uniformity 
coefficients were seen to not necessarily impact the temperature range among the carts 
but show improvement in reduced variation among carts. 
Table 4.1 Temperature Uniformity coefficients for trials testing improvement strategies 
on the hot water heat exchanger with pneumatic control. 
 
From these trials, it is evident that better distribution of the heated air exiting the duct 
has a major impact on improving temperature uniformity. However, there is also the 
possibility to look into the orientation of the drying carts to further increase the airflow 
temperature uniformity. The level to which improvement can be made also needs to be 





Drying Carts Normal, No Duct Register, No Other Improvements 0.892 ±0.008
Drying Cart Fans Centered in Chamber, No Duct Register, No Other Improvements 0.944 ±0.002
Drying Cart Fans Centered in Chamber, Duct Register, No Other Improvements 0.959 ±0.002
Drying Carts Normal, Duct Register, No Other Improvements 0.959 ±0.002
Trial Variables (Boiler, Pneumatic Control)
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4.3.2 Second Round  
 Figure 4.24 shows the temperature collection for each drying cart and the average of 
the four drying carts for the low-temperature trial on the pneumatic controlled hot water 
heat exchanger. From here a range between the carts can be seen around 10F compared 
to around 1F seen in figure 4.25 of the 100F electric heat exchanger trial. The 
importance of this range as noted after the first-round trials can play an important factor 
when heat sensitive materials such as seed corn are dried. Figures for all other second-
round trials are located in Appendix A. 
 
Figure 4.24 Drying cart temperature readings during low-temperature pneumatic 






Figure 4.25 Drying cart temperature readings during 100F temperature electric heat 
exchanger trial. 
 
 Table 4.2 shows the 5-hour uniformity coefficient averages with one standard 
deviation uncertainty for the three different heating/control systems operating at multiple 
control settings. The hot water heat exchanger with pneumatic control at low-temperature 
control setting operated with an airflow temperature uniformity coefficient of 0.954. This 
coefficient was slightly lower than that seen in the first round of trials testing the duct 
register. However, when at medium and high-temperature control settings higher 
uniformity coefficients above those from the first-round trials were observed. 
 Hot water heat exchanger with electro-mechanical control for control settings low, 
medium, and high uniformity coefficients of 0.977, 0.977 and 0.975, respectively. 
Electric heat exchanger trials resulted in the highest uniformity coefficients (0.996, 0.985, 
0.984, 0.983) across multiple control settings (100, 120, 140, 155). With the results for 
each heater/control combination, there was some suspicion that the ambient air 
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temperatures may have impacted the uniformity coefficients. After reviewing hourly 
ambient temperature data for the time frame of uniformity coefficient averages there is 
evidence that ambient temperatures could have aided in increased uniformity coefficients 
for some trials. The increase for the electric heat exchanger trials also could be caused by 
a 2.5% higher airflow rate over the hot water heat exchanger that was measured in the 
study being conducted concurrently.  
Table 4.2 Temperature uniformity coefficients for trials testing the combined 





 This project quantified the temperature uniformity of airflow for the current setup of 
drying carts inside a drying chamber, and identified and tested strategies to improve 
airflow temperature distribution that would result in improving uniformity of drying 
among carts. Areas of interest for improvement included the heating cycle outlet, the 
Boiler, Pneumatic Control Temperature

















ambient and exhaust air exchange, the orientation of the drying carts, and fan orientation 
on the drying carts. Conclusions from this project were utilized in developing 
recommendations to the Iowa State University AEA Research Farm to improve the set-up 
of the drying chambers and their operation. The following specific conclusions were 
made: 
• Placing a duct register that allows for directing air into the chamber had the 
greatest increase (7.5%) on airflow temperature uniformity and a 7F drop in the 
range of cart temperatures. Adjusting drying cart orientation so all fans were in 
the center of the drying chamber resulted in a 5.8% increase in the uniformity 
index when the duct register was not in place, along with a 3F drop in the range 
of cart temperatures. 
• Of the heating systems tested, the electric heat exchanger resulted in the highest 
airflow temperature uniformity coefficients. Electro-mechanical control of the hot 
water heat exchanger was the next best choice. The pneumatic control performed 
the worst.  
• While all strategies tested showed some improvement in airflow temperature 
uniformity, the following changes in the setup are recommended to the ISU AEA 
Research Farm for each drying chamber: (1) install a duct register in the heating 
air outlet, (2) install air ducts extending down near the floor of the chamber on the 
ambient air inlet and chamber air exhaust (3) position the drying cart fans to pull 
air through the carts and (4) orient the drying carts with the fans toward the walls 
of the chamber. These modifications will result in the greatest improvement in 
airflow temperatures among the drying carts, and therefore drying uniformity. 
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CHAPTER 5 - ECONOMIC ANALYSIS OF HEATING AND CONTROL 
COMBINATION SYSTEMS UTILIZING A NET PRESENT COST (NPC) 
ECONOMIC MODEL 
5.1 Introduction 
 Before any new project is implemented an economic analysis needs to be conducted 
to determine the feasibility and financial benefit that usually comes from initial 
investment. With different projects, there are different economic analysis methods to best 
utilize in the decision making process. In this study heating and control combinations that 
were tested for heat output and efficiency (Chapter 3) were evaluated for their economic 
feasibility and financial benefit to the Iowa State University Agricultural Engineering and 
Agronomy (AEA) Research Farm. 
 With many economic analysis methods, common methods associated with replacing 
or updating equipment include cost-benefit, internal rate of return, equivalent annual cost, 
and net present value (NPV). Given the heating system is one component of the batch 
drying chambers system, income generated is associated with the entire operation and 
difficult to associate with the heating system operation itself. By utilizing an economic 
analysis method in which the heating system update or replacement expenses can be 
evaluated without considering the income flows or other expenses associated with the 
entire system, alternatives can be more accurately compared. 
 A cost-benefit analysis can be eliminated for not considering important factors such 
as inflation, interest rate, varying cash flows, and the present value of money 
(Investopedia, n.d.). The internal rate of return, setting NPV equal to zero and solving for 
the discount rate, can be difficult without including an income flow and can be 
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misleading without additional metrics (Investopedia, n.d.). Finally, an equivalent annual 
cost analysis which determines the annual cost of owning, operating, and maintaining an 
asset over its entire life can be valuable in decision making. However, for this project, a 
present-day cost for the project lifespan is more suited for the research farms use. With 
no regular income flow from the evaluated project, a variation of NPV known as Net 
Present Cost (NPC) which represents the true measure of an investment’s value over time 
will be used for development of this model (Rulon et al., 1999). 
 Having chosen NPC analysis as the best method for evaluating and comparing 
heating/control alternatives it is important to understand all factors taken into the analysis 
process. With NPC defined as the present value of all the costs of installing and operating 
a component over the project lifetime, minus the present value of all the revenues that it 
earns over the project lifetime (Net, n.d.). In this case, the only revenues considered are 
the salvage values at the end of the equipment’s lifespan. By calculating the present-day 
cost, time value of money and opportunity costs concepts are considered in the analysis 
process. The time value of money refers to the concept in which money at the present 
time is worth more than the identical sum in the future due to its potential earning 
capacity. Opportunity cost represents the benefit an individual, investor, or business 
misses out on when choosing one alternative over another (Investopedia, n.d.).  
 While NPC is a variation of NPV, and only considers expenses, the results are 
evaluated on a minimum discounted expense rather than on the maximum discounted 
income (Rulon et al., 1999). The discount rate refers to the interest rate used to determine 
the present value, or cost, of future cost flows (Investopedia, n.d.). This results in lower 
outputs from the NPC model being more advantageous to those with high output. 
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The objective of this study was to develop a model in which various heating and 
control combinations can be evaluated on a Net Present Cost (NPC) basis. This model 
was then applied to evaluate the economic impact of updating or replacing the heating 
and control combination system for the AEA Research Farm batch drying chambers that 
were tested for heating output and drying uniformity in Chapters 3 and 4.  
 
5.2 Materials and Methods 
 To organize and analyze the economic comparisons, a Net Present Cost (NPC) 
economic model developed by Rulon (1996) and utilized by Moralas Quiros (2017) for 
comparing ambient and chilled aeration strategies was modified. The economic model 
was developed within Excel and formatted for ease of changing input parameters. Each of 
three heating and control system alternatives for the ISU AEA Research Farm located in 
Boone, IA were compared.  
The three heating and control alternatives include: 
1. Boiler with Pneumatic Flow Controls (current) 
2. Boiler with Electro-mechanical Flow Controls (alternative 1) 
3. Electric Heat Exchangers with Thermostat Controls (alternative 2) 
 When comparing NPC projects with uncommon lifespans a lowest common multiple 
of project lives can be used to get common lifespans from which NPC’s can be calculated 
and compared. However, when the lowest common multiple becomes an unreasonable 
timespan a decision must be made in which way to balance the project lifespans. Options 
include one project alternative factoring in a replacement or by salvaging equipment to 
balance project timespans (Park, 2016). For this analysis, the salvage equipment approach 
was utilized to balance project time spans to the 25-year lifespan of the boiler unit. 
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 Included parameter inputs for this study were collected from several sources 
including Iowa State University, The World Bank, ASHRAE, and equipment suppliers. 
Since government entities such as the ISU AEA Research Farm are not subject to certain 
taxes and do not utilize debt financing, the economic analysis was also compared to a 
business scenario in which tax rate and debt financing would be utilized. Table 5.1 
summarizes the individual spreadsheets used for organizing parameter inputs, facilitating 
calculations, and organizing outputs. 
Table 5.1 Economic model sheet titles. 
Sheet Letter Sheet Title 
A Facility Description 
B Boiler with Pneumatic Flow Control Worksheet 
C Boiler with Electro-mechanical Flow Control Work Sheet 
D Electric Heat Exchanger with Thermostat Control Worksheet 
E Annual Operating Costs Analysis Summary Worksheet 
F NPC - Boiler with Pneumatic Flow Control 
G NPC - Boiler with Electro-mechanical Flow Control 
H NPC – Electric Heat Exchanger with Thermostat Control 
I Net Present Cost Summary 
 
5.2.1 Sheet A: Facility Description Sheet 
 Sheet A (table 5.2) describes the facility modeled as well as common finance 
parameters to be used. For this study, the Iowa State University AEA Research Farm 
located in Boone, IA was the location of the intended heating and control system update 
or replacement, with a business scenario included as a comparison. The intended target 
product for the drying system varies because the chamber design can handle different 






Table 5.2 Facility description. 
Location Description 
ISU AEA Research 
Farm, Boone, IA 
Business Scenario 
Product Type Multi Multi 
Number of Drying Chambers 24 24 
   
Drying Cycles (cycles/chamber/y) 45 45 
Drying Time (h/cycle) 92 92 
Annual Drying Time 
(h/chamber/y) 
4,140 4,140 
   
Hourly Labor Charge ($/h) 15.43 15.43 
Electrical Charge ($/kWh) 0.04074 0.04074 
Natural Gas Charge ($/therm) 0.40749 0.40749 
   
Percentage of Business Financed 
by Debt (%) 
0.00 40.00 
Rate of Return on Equity (%) 15.00 15.00 
Interest Rate (%) 3.90 3.90 
Tax Rate (%) 0.00 40.38 
Discount Rate (%) 15.00 9.93 
   
Base Inflation Rate (%) 2.13 2.13 
 
 Each of the 24 drying chambers averages 45 drying cycles per year. With each drying 
cycle lasting an average of 92 hours, each chamber runs an average of 4,140 hours per 
year. An hourly labor charge of $15.43 was determined with the modeled wage estimated 
data search by the United States Department of Labor through the Bureau of Labor 
Statistics with search parameters of the following (Modeled, n.d.):  
Ownership: Civilian Workers 
Area: Ames, IA 
Industry: All industries 
Occupation: Installation, Maintenance, and Repair Occupations 
Job Characteristics: Full-time 







Electrical charges were determined from the average of charges over a seven-month 
period from September 2018 to March 2019. Natural gas charges were determined from 
the average of six months from January 2018 to June 2018. Records of charges were 
provided by Iowa State University Research and Demonstration Farms. 
 Percentage of business financed by debt and the rate of return on equity were set at 
40% and 15%, respectively. These are considered reasonable levels for a profitable 
business (Early, 2007; Rulon, 1996). The annual interest rate and base inflation rate were 
determined as 3.90% and 2.13%, respectively, based on data for the United States of 
America from the World Bank database (2017). 
 The discount rate for the research farm was calculated to be 15.00% based on 
Equation 5.1. A value of 9.93% was calculated for the business scenario discount rate. 
𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒 (%) = (𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑡𝑢𝑟𝑛 𝑜𝑛 𝑒𝑞𝑢𝑖𝑡𝑦 ∗ (1 − % 𝑜𝑓 𝑏𝑢𝑖𝑠𝑛𝑒𝑠𝑠 𝑓𝑖𝑛𝑎𝑛𝑐𝑒𝑑 𝑏𝑦 𝑑𝑒𝑏𝑡)) + 
                         (𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒 ∗ (1 − 𝑡𝑎𝑥 𝑟𝑎𝑡𝑒) ∗ % 𝑜𝑓 𝑏𝑢𝑖𝑠𝑛𝑒𝑠𝑠 𝑓𝑖𝑛𝑎𝑛𝑐𝑒𝑑 𝑏𝑦 𝑑𝑒𝑏𝑡)          (5.1) 
 
5.2.2 Sheet B: Boiler with Pneumatic Flow Control Worksheet 
 Sheet B (table 5.3) shows the costs relevant to the boiler (hot water) with pneumatic 










Table 5.3 Boiler with pneumatic flow control worksheet. 
Initial Boiler Cost ($) 75,000 
Expected Equipment Life (years) 25 
Salvage Value (% of initial cost) 5.00 
Maintenance Cost (% of initial cost) 5.00 
Average Electrical Load (kW) 2.3118 
Average Natural Gas Load (therms) 1.938 
Estimated Drying Runtime (h/y) 828 
Estimated Standby Runtime (h/y) 154 
Boiler Electrical Cost ($/y) 
(𝐷𝑟𝑦𝑖𝑛𝑔 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 + 𝑆𝑡𝑎𝑛𝑑𝑏𝑦 𝑅𝑢𝑛𝑡𝑖𝑚𝑒) ∗ 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 ∗ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 
Boiler Natural Gas Cost ($/y) 
(𝐷𝑟𝑦𝑖𝑛𝑔 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 + 𝑆𝑡𝑎𝑛𝑑𝑏𝑦 𝑇𝑖𝑚𝑒) ∗ 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐿𝑜𝑎𝑑 ∗ 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐶ℎ𝑎𝑟𝑔𝑒 
  
Initial Air Handling Equipment (AHE) 
Cost ($) 
1,850 
Expected Equipment Life (years) 20 
AHE Salvage Value (% of initial cost) 10.00 
AHE Maintenance Cost (% of initial cost) 2.00 
Average AHE Electrical Load (kW) 2.09 
Estimated Runtime (h/y) 730 
AHE Electrical Cost ($/y) 
𝐴𝐻𝐸 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐻𝐸 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 ∗ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 
  
Initial Receiver Cost ($) 6,840 
Expected Equipment Life (years) 20 
Salvage Value (% of initial cost) 0.00 
Maintenance Cost (% of initial cost) 1.00 
  
Labor Hours (h/y) 273.75 
  
Electrical Cost ($/y) 𝐵𝑜𝑖𝑙𝑒𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑠𝑡 + 𝐴𝐻𝐸 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑠𝑡 
Natural Gas Cost ($/y) 𝐵𝑜𝑖𝑙𝑒𝑟 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐶𝑜𝑠𝑡 
Labor Cost ($/y) 𝐿𝑎𝑏𝑜𝑟 𝐻𝑜𝑢𝑟𝑠 ∗ 𝐻𝑜𝑢𝑟𝑙𝑦 𝐿𝑎𝑏𝑜𝑟 𝐶ℎ𝑎𝑟𝑔𝑒 
Operating Cost of Boiler ($/y) 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐵𝑜𝑖𝑙𝑒𝑟 𝐶𝑜𝑠𝑡 ∗ 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 
Operating Cost of Air Handling 
Equipment ($/y) 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝐻𝐸 𝐶𝑜𝑠𝑡 ∗ 𝐴𝐻𝐸 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 
Operating Cost of Receiver 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝐶𝑜𝑠𝑡 
 ∗  𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 
 
 The initial boiler cost was determined by a budget provided by the manager of the 
AEA Research Farm for the replacement of a boiler in 2015 with a similar output to the 
one in this study. The budgeted value from 2015 was adjusted by inflation for this model. 
Expected equipment life for the boiler, air handling equipment, and receivers were 
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determined from an ASHRAE Equipment Life Expectancy Chart (ASHRAE, 2015). 
Salvage and maintenance costs for the boiler and air handling equipment were estimated 
on the expected value after equipment life and current system costs. The average 
electrical and natural gas loads were determined from measured and equipment 
specification values. Drying runtime refers to the time when the boiler is running during 
the process of drying product. Standby refers to the time when the boiler is running when 
drying is not taking place. Both values along with the air handling equipment runtime 
were estimated from data collected in a previous study described in Chapter 3.  
 
 Initial air handling equipment including a compressor with a tank, air dryer, and an 
air filter were researched to meet the requirements for the boiler with pneumatic flow 
controls system. The initial cost and average connected load were determined from this 
research. 
 The receivers, which are utilized in the pneumatic control system, had an initial cost 
determined through the same supplier as the air handling equipment. Salvage value for 
the receivers was estimated at 0% after expected lifespan due to them wearing out, 
becoming difficult to calibrate and no longer providing reliable control of the pneumatic 
control system. The maintenance value was set for the costs associated with calibrating 
the receivers on a regular basis. 
Labor hours were estimated to perform daily monitoring and regular maintenance. 
Calculations for electrical, natural gas and labor costs along with operating costs for the 




5.2.3 Sheet C: Boiler with Electro-mechanical Flow Control Worksheet 
 Sheet C (Table 5.4) contains the costs for the boiler with electro-mechanical flow 
control alternative over a one-year period. 
Table 5.4 Boiler with electro-mechanical flow control worksheet. 
Initial Boiler Cost ($) 75,000 
Expected Equipment Life (years) 25 
Salvage Value (% of initial cost) 5.00 
Maintenance Cost (% of initial cost) 5.00 
Average Electrical Load (kW) 2.3118 
Average Natural Gas Load (therms) 1.938 
Estimated Drying Runtime (h/y) 828 
Estimated Standby Runtime (h/y) 154 
Boiler Electrical Cost ($/y) 
(𝐷𝑟𝑦𝑖𝑛𝑔 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 + 𝑆𝑡𝑎𝑛𝑑𝑏𝑦 𝑅𝑢𝑛𝑡𝑖𝑚𝑒) ∗ 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 ∗ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 
Boiler Natural Gas Cost ($/y) 
(𝐷𝑟𝑦𝑖𝑛𝑔 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 + 𝑆𝑡𝑎𝑛𝑑𝑏𝑦 𝑇𝑖𝑚𝑒) ∗ 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐿𝑜𝑎𝑑 ∗ 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐶ℎ𝑎𝑟𝑔𝑒 
  
Initial Electro-mechanical Actuator (EA) 
Cost ($) 
6,480 
Expected Equipment Life (years) 16 
EA Salvage Value (% of initial cost) 0.00 
EA Maintenance Cost (% of initial cost) 0.00 
  
Initial Controller (C) Cost ($) 6,240 
Expected Equipment Life (years) 15 
Salvage Value (% of initial cost) 5.00 
C Maintenance Cost (% of initial cost) 3.00 
Average C Electrical Load (kW) 0.005 
Estimated C Runtime (h/y) 8,760 
Controller Electrical Cost ($/y) 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 ∗ 𝐶 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 ∗ 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 ∗ # 𝑜𝑓 𝐷𝑟𝑦𝑖𝑛𝑔 𝐶ℎ𝑎𝑚𝑏𝑒𝑟𝑠 
  
Labor Hours (h/y) 255.5 
  
Electrical Cost ($/y) 𝐵𝑜𝑖𝑙𝑒𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑠𝑡 + 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑠𝑡 
Natural Gas Cost ($/y) 𝐵𝑜𝑖𝑙𝑒𝑟 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐶𝑜𝑠𝑡 
Labor Cost ($/y) 𝐿𝑎𝑏𝑜𝑟 𝐻𝑜𝑢𝑟𝑠 ∗ 𝐻𝑜𝑢𝑟𝑙𝑦 𝐿𝑎𝑏𝑜𝑟 𝐶ℎ𝑎𝑟𝑔𝑒 
Operating Cost of Boiler ($/y) 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐵𝑜𝑖𝑙𝑒𝑟 𝐶𝑜𝑠𝑡 ∗ 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 
Operating Cost of Electro-mechanical 
Actuators ($/y) 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑜 − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝐶𝑜𝑠𝑡
∗ 𝐸𝐴 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 




 Boiler parameters were the same for both alternatives utilizing a boiler for the heat 
source. For this, the boiler parameters were included in both Table 5.3 and Table 5.4  
Electro-mechanical actuators were researched through suppliers from which the 
initial cost value was gathered. Life expectancy values for the actuators and the controller 
were determined from the ASHRAE life expectancy chart. Salvage and maintenance 
costs of 0% were assessed due to the actuators being built for only the manufacturer's 
valve and after the useful life cannot be rebuilt.  
The controller’s initial cost was determined from the supplier’s costs for the 
individual parts that would then be used to build the controller. Salvage value was 
estimated for the value of individual parts that make up the controller. A maintenance 
cost was projected for the potential of component failure and replacement. An average 
electrical load for the controller was determined from specifications for components. A 
runtime of 8,760 hours (one year) was used for calculating the electrical cost for the 
drying chamber controllers for their constant operation whether the chamber is in use or 
not. 
Labor hours were estimated on the time required for maintenance and daily 
monitoring. Electric, natural gas, and labor cost calculations and equations for operating 
costs for the boiler, actuators, and controller are presented in Table 5.4. 
 
5.2.4 Sheet D: Electric Heat Exchanger with Thermostat Control Worksheet 
 The costs for the electric heat exchanger with thermostat control are contained on 




Table 5.5 Electric heat exchanger with thermostat control worksheet. 
Initial Electric Heat Exchanger (EHE) 
Cost ($) 
24,720 
Expected Equipment Life (years) 13 
Salvage Value (% initial cost) 5.00 
EHE Maintenance Cost (% of initial cost) 3.00 
Average Individual EHE Electrical Load 
(kW) 
10 
Estimated EHE Runtime (h/y) 2,070 
Electric Heat Exchanger Electrical Cost 
($/y) 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝐸𝐻𝐸 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 ∗ 
𝐸𝐻𝐸 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 ∗ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 
∗ # 𝑜𝑓 𝐷𝑟𝑦𝑖𝑛𝑔 𝐶ℎ𝑎𝑚𝑏𝑒𝑟𝑠 
  
Initial Thermostat (T) Cost ($) 4,560 
Expected Equipment Life (years) 15 
Salvage Value (% initial cost) 5.00 
T Maintenance Cost (% of initial cost) 3.00 
Average T Electrical Load (kW) 0.005 
Estimated T Runtime (h/y) 8,760 
Thermostat Electrical Cost ($/y) 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑇 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 ∗ 𝑇 𝑅𝑢𝑛𝑡𝑖𝑚𝑒 ∗ 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒 ∗ #𝑜𝑓 𝐷𝑟𝑦𝑖𝑛𝑔 𝐶ℎ𝑎𝑚𝑏𝑒𝑟𝑠 
  
Labor Hours (h/y) 219 
  
Electrical Cost ($/y) 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐻𝑒𝑎𝑡 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑠𝑡 + 
𝑇ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑠𝑡 
Labor Cost ($/y) 𝐿𝑎𝑏𝑜𝑟 𝐻𝑜𝑢𝑟𝑠 ∗ 𝐻𝑜𝑢𝑟𝑙𝑦 𝐿𝑎𝑏𝑜𝑟 𝐶ℎ𝑎𝑟𝑔𝑒 
Operating Cost of Electric Heat 
Exchanger ($/y) 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐻𝑒𝑎𝑡 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝐶𝑜𝑠𝑡 
∗ 𝐸𝐻𝐸 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 
Operating Cost of Thermostat ($/y) 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑇ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝐶𝑜𝑠𝑡 ∗ 𝑇 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 
 
 The initial cost for 24 electric heat exchangers was based on the quote and price paid 
for the one used for testing in previous studies (Chapters 3 & 4). Equipment life 
expectancy was determined from the ASHRAE life expectancy chart (ASHRAE, 2015). 
Salvage value was estimated for the heat exchangers based on the available resources 
after the lifetime would be exhausted. Maintenance cost for the heat exchangers was 
estimated for potential component failure. The electrical load for the electric heat 
exchanger was rated at 10 kW and was verified when testing the heating efficiency 
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(Chapter 3). The runtime was determined from data collected for the chamber uniformity 
testing (Chapter 4). 
 The initial cost for the 24 thermostats comes from the prices paid for components to 
build one thermostat used in testing. Expected equipment life was received through 
ASHRAE’s equipment life expectancy chart. Salvage value was estimated for the value 
of components to rebuild the thermostat at the end of life expectancy. Maintenance costs 
were estimated for potential component failures. The electrical load was determined from 
the specifications of the components. The runtime of 8,760 is equal to one year for 
constant control operation. 
 Labor hours were estimated for daily monitoring and routine maintenance of the 
heating system. Equations used for calculating electrical, labor and operating costs for the 
heat exchangers and thermostat are shown in Table 5.5. 
 
5.2.5 Sheet E: Annual Operating Costs Analysis Summary 
 Annual operating costs for the heating and control combinations are analyzed within 
Sheet E of the model. Costs taken into account included equipment maintenance, 
electrical and natural gas energy, and labor. 
 
5.2.6 Sheet F: NPC Analysis of Boiler with Pneumatic Flow Control  
 Net present cost calculations made in Sheet F refer to the boiler with pneumatic flow 
control alternative. Calculations shown are those for the research farm. The business 
scenario calculations (not shown) incorporate tax and debt financing into their 
determination. As noted before the NPC calculations take into account not only the 
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operating costs but also after-tax charges, inflation, and depreciation of equipment if 
applicable over the timescale of the study, which in this case is 25 years. Costs are then 
converted to their value in today’s dollars by using the discount factor, which modifies 
the discount rate to the amount of time in the future. 
 For the boiler with pneumatic flow control, calculation of the year 0 NPC is presented 
in Table 5.6. Year 0 refers to the year in which equipment purchases are initially made. 
Table 5.6 NPC of boiler with pneumatic flow control in year 0. 
Expenses ($/y) 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑜𝑖𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑖𝑟 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔  
𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑐𝑜𝑠𝑡 
Discount factor 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 1 𝑖𝑛 𝑦𝑒𝑎𝑟 0 
NPC ($/y) 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 ∗ 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
 
 Table 5.7 shows the calculations for determining the NPC for the boiler with 
pneumatic flow controls alternative in years 1 through 25. The expense calculation for 
year 20 was separated as it would be the year when the air handling equipment and 
pneumatic receiver have reached their expected end of life and would be replaced. 
Table 5.7 NPC of boiler with pneumatic flow control from year 1 to 25. 
Expenses (years 1-19, 21-25) 
($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 +
𝑏𝑜𝑖𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑎𝑖𝑟 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
+ 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 𝑦𝑒𝑎𝑟)) 
Expenses (year 20) ($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 +
𝑏𝑜𝑖𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑎𝑖𝑟 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 
𝑐𝑜𝑠𝑡 + 𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑖𝑟 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 
𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 20)) 
Discount factor (1 + 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒)−𝑦𝑒𝑎𝑟 
NPC ($/y) 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 ∗ 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
Salvage ($) 
((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑖𝑟 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 ∗ 𝑎ℎ𝑒 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑟𝑎𝑡𝑒 ∗ 20))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑜𝑖𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑏𝑜𝑖𝑙𝑒𝑟 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 25))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑖𝑟 ℎ𝑎𝑛𝑑𝑙𝑖𝑛𝑔 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 ∗ 𝑎ℎ𝑒 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 25))) 




 With yearly NPC calculations made, the total NPC is calculated including the salvage 
values for equipment at the end of their lifespan or the end of the 25-year project lifespan.  
 
5.2.7 Sheet G: NPC Analysis of Boiler with Electro-mechanical Flow Control 
 The NPC calculations of the boiler with electro-mechanical flow control are made in 
Sheet G. Calculations for NPC in this sheet are similar to those in Sheet F and will be 
similar to those in Sheet H. The biggest variation to calculations is when a piece of 
equipment has reached its expected lifespan and a new one must be purchased to replace 
it until the project lifespan has been met. 
 Table 5.8 shows the calculation for the year 0 boiler with electro-mechanical flow 
control NPC.  
Table 5.8 NPC of boiler with electro-mechanical flow control in year 0. 
Expenses ($/y) 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑜𝑖𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜 − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙  
𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 
Discount factor 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 1 𝑖𝑛 𝑦𝑒𝑎𝑟 0 
NPC ($/y) 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 ∗ 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
 
 NPC for years 1-25, Total NPC, and Amortized NPC calculations for the boiler with 
electro-mechanical flow control alternative are presented in Table 5.9. Expenses for year 
15 are shown separately with the inclusion of the replacement of the electronic controller 









Table 5.9 NPC of boiler with electro-mechanical flow control from year 1 to 25. 
Expenses (years 1-14, 17-25) 
($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 +
𝑏𝑜𝑖𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑜 − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 𝑦𝑒𝑎𝑟)) 
Expenses (year 15) ($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 + 𝑏𝑜𝑖𝑙𝑒𝑟 
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑜 − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔
𝑐𝑜𝑠𝑡 + 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 15)) 
Expenses (year 16) ($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 +
𝑏𝑜𝑖𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑜 − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
+ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜 − 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 16)) 
Discount factor (1 + 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒)−𝑦𝑒𝑎𝑟 
NPC ($/y) 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 ∗ 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
Salvage ($) 
((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 15))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 25))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑜𝑖𝑙𝑒𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑏𝑜𝑖𝑙𝑒𝑟 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 25))) 
Total NPC ($) 𝑆𝑢𝑚 𝑜𝑓 𝑁𝑃𝐶  𝑓𝑜𝑟 𝑦𝑒𝑎𝑟𝑠 1 𝑡𝑜 25 − 𝑁𝑃𝐶 𝑜𝑓 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 
 
 
5.2.8 Sheet H: NPC Analysis of Electric Heat Exchanger with Thermostat Control 
 Sheet H contains the NPC calculations for the electric heat exchanger with thermostat 
control. Table 5.10 reiterates the calculations used for the NPC determination with the 
electric heat exchanger parameters for year 0. 
Table 5.10 NPC of electric heat exchanger with thermostat control in year 0. 
Expenses ($/y) 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑐𝑜𝑠𝑡 
+𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑐𝑜𝑠𝑡 
Discount factor 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 1 𝑖𝑛 𝑦𝑒𝑎𝑟 0 
NPC ($/y) 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 ∗ 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
 
For the electric heat exchanger alternative, Table 5.11 provides the equations for the 
NPC calculations conducted. Expenses for year 13 are separated for the replacement of 




Table 5.11 NPC of electric heat exchanger with thermostat control from year 1 to 25. 
Expenses (years 1-12, 14, 16-25) 
($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 
𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 𝑦𝑒𝑎𝑟)) 
Expenses (year 13) ($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 
𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
+𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 13)) 
Expenses (year 15) ($/y) 
(
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑙𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 
𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
+𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑐𝑜𝑠𝑡
) 
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 15)) 
Discount factor (1 + 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒)−𝑦𝑒𝑎𝑟 
NPC ($/y) 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 ∗ 𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 
Salvage ($) 
((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑒ℎ𝑒 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 13))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑐𝑜𝑠𝑡 ∗ 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 15))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 𝑐𝑜𝑠𝑡 ∗ 𝑒ℎ𝑒 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 25))) 
+ ((𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑐𝑜𝑠𝑡 ∗ 𝑡ℎ𝑒𝑟𝑚𝑜𝑠𝑡𝑎𝑡 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒)
∗ (1 + (𝑏𝑎𝑠𝑒 𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 25))) 
Total NPC ($) 𝑆𝑢𝑚 𝑜𝑓 𝑁𝑃𝐶  𝑓𝑜𝑟 𝑦𝑒𝑎𝑟𝑠 1 𝑡𝑜 25 − 𝑁𝑃𝐶 𝑜𝑓 𝑠𝑎𝑙𝑣𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒  
 
 The final sheet of the economic model (sheet I) includes a summary of total NPC of 
each of the tested alternatives, from which comparisons between them can be made 
easily. 
 
5.3 Results and Discussion 
5.3.1 Annual Operating Costs 
 The information and data presented in Sheets A through D were used for evaluating 
each of the three heating and control combination alternatives on their annual operating 
cost. This metric provides a supporting role in comparing alternatives by looking at the 
expenses directly related to operating the systems. Table 5.12 presents a comparison of 




Table 5.12 Annual operating cost summary. 
Heating and Control Combination Alternatives AEA Farm Business 
Boiler, Pneumatic Control ($/y) 9,010 9,010 
Boiler, Electro-mechanical Control ($/y) 8,790 8,790 
Electric Heat Exchanger, Thermostat Control ($/y) 24,540 24,540 
 
 As would be expected the two alternatives utilizing a boiler for the heating system 
have similar annual operating costs with the differences resulting from equipment 
maintenance and labor costs. These two alternatives however when compared to the 
electric heat exchanger have significantly lower annual operating costs (-48% pneumatic 
control, -50% electro-mechanical control). This much higher operating cost for the 
electric heat exchanger results from the increased electrical usage which accounts for 
nearly three-quarters of the annual operating cost. In comparison, the boiler heating 
alternatives largest factor is labor costs, which account for about half of each alternative’s 
annual operating costs. Electric energy use is relatively more expensive than natural gas 
use. 
 
5.3.2 Net Present Cost 
 After determining the annual operating cost for each of the heating and control 
system combinations the next step was to analyze each system with the net present cost. 
For this study, NPC provides the most value in decision making for choosing the best 
alternative. With the NPC taking into account fixed cost, such as initial equipment cost 
and variable costs, such as equipment maintenance and energy use costs, the time value 
of money and inflation rate can be used to discount future costs back to today's value. 




 Table 5.13 presents the calculated total NPC values from which comparisons can be 
made. Complete tables used for calculation of the total NPC for each alternative can be 
found in Appendix A. 
Table 5.13 Total NPC summary. 
Heating and Control Combination Alternatives AEA Farm Business 
Boiler, Pneumatic Control ($) 151,034 136,063 
Boiler, Electro-mechanical Control ($) 154,612 139,013 
Electric Heat Exchanger, Thermostat Control ($) 216,913 190,622 
 
Table 5.13 indicates the two alternatives utilizing the boiler as the heating system are 
relatively similar, while the AEA Farm NPC for the electric heat exchangers is 40.3-
43.6% higher.  For the business scenario, costs are lower because of the inclusion of the 
calculated savings from tax implications. However, they are not sufficiently lower to 
reduce the NPC of the electric heat exchanger option over those of the boiler option. The 
primary cause for the higher NPC of the electric heat exchanger alternative is the higher 
annual operating cost predominately due to the electrical cost for operation. When 
evaluating the NPC differences, it is important to consider the 25-year project lifespan 
when deciding which alternative may be the best option to choose. In order to make the 
electric heat exchanger a more feasible option lower equipment or alternative energy 
costs could be explored.  
 
5.3.3 Initial Electric Heat Exchanger Cost Reduction 
 As noted in section 5.3.2 the NPC of the electric heat exchangers alternative was 
significantly higher than those utilizing the boiler for a heating source. For this reason, a 
lower quoted price for an electric duct heater with the same specifications as the one 
tested was analyzed for comparison against the three original alternatives. The total NPC 
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values were calculated iteratively by lowering the heat exchanger costs with all other 
factors the same as the original calculations and are compared in Table 5.14. 
Table 5.14 Total NPC of reduced cost electric heat exchanger vs. original alternatives. 
Heating and Control Combination Alternatives AEA Farm Business 
Boiler, Pneumatic Control ($) 151,034 136,063 
Boiler, Electro-mechanical Control ($) 154,612 139,013 
Electric Heat Exchanger, Thermostat Control ($) 216,913 190,622 




 The AEA Farm reduced cost electric heat exchanger is 9.9% lower than the initial 
electric heat exchanger NPC analysis. This savings makes the reduced cost electric heat 
exchanger more feasible but is still 26.4-29.3% higher than the boiler-based alternatives. 
For the electric heat exchanger to be a reasonable alternative economically, costs would 
need to be reduced further. The business scenario analysis follows a similar trend as the 
AEA Farm analysis with the boiler-based alternatives being economically better choices 
than either of the electric heat exchanger alternatives. 
5.3.4 Sensitivity Analysis of Variable Factors 
 With NPC values determined on the three alternatives plus the reduced cost electric 
heat exchanger, comparisons can be made for the set variable costs. But what if variables 
such as maintenance costs and electrical and natural gas utility costs were to change? For 
this unknown, sensitivity analyses were conducted to determine the effect that a change 
in one variable would have on the NPC of each heating and control system alternatives.  
 Table 5.15, the maintenance costs sensitivity analysis, presents the percentage change 
to base NPC values when the boiler or electric heat exchanger maintenance costs 
decrease and increase by 10% and 25%. Given that the maintenance costs were calculated 
based on a percentage of the initial equipment cost,, the electric heat exchanger with 3% 
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of initial cost/year and an initial equipment cost of $24,720 would be expected to have a 
much different change in NPC than for a boiler-based alternative with 5% of initial 
cost/year and an initial equipment cost of $75,000. 
Table 5.15 Change in NPC of heating and control combination alternatives for multiple 
maintenance cost inputs. 
% 75% 90% 100% 110% 125% 
Pneumatic -4.60% -1.84% 0.00% 1.84% 4.60% 
Electro-mechanical -4.49% -1.80% 0.00% 1.80% 4.49% 
Electric Heat Exchanger -0.63% -0.25% 0.00% 0.25% 0.63% 
Reduced Cost Electric 
Heat Exchanger 
-0.27% -0.11% 0.00% 0.11% 0.27% 
 
Table 5.16 and 5.17 display the electric and natural gas energy cost sensitivity 
analyses. Energy costs for the base scenario and with 10% and 25% increases and  
decreases are provided in the top row. For the electric energy cost analysis, the boiler-
based systems are impacted minimally as compared to the electric heat exchangers which 
has been noted having a much higher electrical usage. From the natural gas energy cost 
analysis, it can be seen a larger impact is made on the NPC by change in natural gas cost 
versus the electric cost. 
Table 5.16 Change in NPC of heating and control combination alternatives for multiple 
electric energy cost inputs. 
$/kWh 0.031 0.037 0.041 0.045 0.051 
Pneumatic -0.19% -0.08% 0.00% 0.08% 0.19% 
Electro-mechanical -0.16% -0.06% 0.00% 0.06% 0.16% 
Electric Heat Exchanger -17.33% -6.93% 0.00% 6.93% 17.33% 
Reduced Cost Electric 
Heat Exchanger 
-19.24% -7.70% 0.00% 7.70 19.24% 
 
Table 5.17 Change in NPC of heating and control combination alternatives for multiple 
natural gas energy cost inputs. 
$/therm 0.306 0.367 0.407 0.448 0.509 
Pneumatic -0.95% -0.38% 0.00% 0.38% 0.95% 




 The sensitivity analyses provide insight into how NPC would change with changes in 
variable factors. It should be noted that maintenance factors impact the boiler-based 
systems the most. Whereas with the electric heat exchangers electric energy cost have the 
largest impact. This leads to an important point because variables such as electric and 
natural energy costs are out of the control of the user as opposed to the maintenance costs 
which can be managed to lower NPC. 
After reviewing the economic analysis information and taking into account the 
heating performance along with operational benefits, an electro-mechanical flow control 
boiler-based system is recommended to the AEA Research Farm as replacement of the 
current pneumatically controlled hot water boiler system. Electric heat exchangers at the 
quoted and reduced prices have a substantially higher NPC. Operation advantages gained 
would not overcome this higher cost. The electro-mechanical controlled boiler-based 
system, while higher in cost than the pneumatic flow control, would add electronic 
control systems to the operation of the dryers. This would allow for further improvements 












 This study developed a Net Present Costs (NPC) analysis model to compare three 
heating and control combination systems for a 24 drying chamber system to be upgraded 
at the ISU AEA Research Farm. This model quantified operating and ownership costs for 
a boiler with pneumatic flow control versus boiler with electro-mechanical flow control 
versus electric heat exchanger with thermostat control system. Results from this study 
were utilized to develop recommendations of drying chamber operation and 
improvements for the Iowa State University AEA Research Farm. The following 
conclusions were made: 
• The analysis and evaluation of the three heating and control combination systems 
found that the electric heat exchanger with thermostat control had an annual 
operating cost of $24,540 that was 48-50% higher than the boiler-based 
alternatives with pneumatic control ($9,010) or electro-mechanical control 
($8,790). This higher cost was primarily due to the increased electric energy cost 
compared to the natural gas cost of operating a boiler. 
• The total NPC results reflected the substantial difference in annual operating costs 
with the electric heat exchanger with thermostat control alternative having a total 
NPC of $216,913 which was 43.6% higher than the boiler with pneumatic flow 
control ($151,034) and 40.3% higher than the boiler with electro-mechanical flow 





• By analyzing the lower quoted price for an electric heat exchanger with similar 
specifications to the initial one tested in this study, a lower cost was determined, 
however, it was not financially more feasible compared to the boiler-based 
alternatives. The reduced cost NPC of $195,357 is 9.9% lower than the initial 
electric heat exchanger NPC but not much more competitive with the NPC of the 
two alternatives utilizing the boiler as a heating source. 
• Sensitivity analysis conducted provided insight into how NPC would change with 
a change in maintenance cost, and electrical and natural gas energy costs. 
Maintenance costs are manageable in-house with respect to their economic impact 
whereas electrical and natural gas costs are not controllable by the research farm. 
The sensitivity analysis of these variables did not change the results of the 
preferred systems. 
• Based on the results of this study and the operational advantages of each 
alternative it is recommended that the ISU AEA research Farm invest in an 
electro-mechanical flow control boiler-based system to replace the current 










CHAPTER 6 - SUMMARY OF CONCLUSIONS 
Overall, heating capacity for the pneumatic flow control ranged from 24,324 to 
29,880 Btu/h with heating efficiencies ranging from 80.6 to 83.2%. The electro-
mechanical flow control output heat capacities ranged from 20,194 to 24,113 Btu/h with 
heating efficiencies ranging from 81.9 to 86.0%. With the electric heat exchanger, a 
heating capacity of 27,009 Btu/h was seen with a heating efficiency of 82.3%.  
The electro-mechanical and electric heat exchanger alternatives have the advantage of 
operating without the need for constant air supply. Both utilize electronic controls that 
can be more easily incorporated into drying chamber monitoring or data collection. The 
electric heat exchanger also has the advantage that because one would be required for 
each drying chamber, they can be more specialized such as consistent lower heating 
requirements per drying needs. 
 In first-round testing, installing a duct register had the largest impact on the airflow 
uniformity (0.959). Having the drying cart fans centered in the chamber along with the 
installed duct register resulted in the same uniformity. Uniformity with just the drying 
cart fans centered in the chamber was 0.944 compared to 0.892 for the current drying 
chamber set up. 
 In second round testing, all strategies tested showed some airflow uniformity 
improvement. The setup consisting of (1) the duct register in heating outlet, (2) the 
ambient air inlet and chamber air exhaust ducts extended down near the floor of the 
chamber, and (3) reversing the drying cart fans to pull air through the carts and orienting 
the drying carts with the cart fans toward the walls on the chamber saw the highest 
improvement in airflow uniformity. 
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 As a result of the 25-year economic analysis of the tested heating and control 
combination systems, the electric heat exchanger with thermostat control was evaluated 
to have a net present cost of $216,913, or 40.3% higher than the boiler with electro-
mechanical control and 43.6% higher than the boiler with pneumatic control. Operating 
costs ranged from $8,790 to $24,540 following a similar trend as the net present costs. 
The largest operating costs for each of the boiler alternatives came from labor, while the 
largest operating cost for the electric heat exchangers came from electrical costs. When 
an economic analysis was conducted on a lower priced electric heat exchanger with 
similar specifications the total net present cost dropped to $195,357, but remained 26.4-
















CHAPTER 7 - RECOMMENDATIONS AND FUTURE WORK 
 The key recommendations based on this study for implementation by the ISU AEA 
Research Farm are: 
1. Based on the work in Chapters 3 and 5 the electro-mechanical flow control boiler-
based system provided adequate improvements to process control at a reasonable 
cost compared to the two other alternatives. The slight price increase for the 
electronic control over the pneumatic control should be easily justified, while the 
increased cost for the electric heat exchangers is too difficult to justify for 
operational flexibility of individual room heaters. 
2. Drying uniformity in the drying chambers should be improved by installing a duct 
register on the heating cycle outlet, extending the ambient air inlet and chamber 
exhaust ducts down near the floor, positioning the drying cart fans to pull air 
down through the carts, and orienting the drying carts with the fans toward the 
chamber walls. Costs for these improvements are minimal and will maximize 
drying uniformity in each of the drying chambers.  
3. The integrity and condition of the wooden drying chambers should be 
investigated. High temperature-high humidity exposure has caused deterioration 
of the wood. 
4. A web-based system for monitoring the air conditions (temperature, relative 
humidity) in the drying chambers and recording performance data should be 
added. It would prove valuable not only to the farm staff for improved 
management of the drying chambers but also as an added value to researchers 
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utilizing the chambers for evaluating the drying of their materials given that some 
materials such as seed corn are heat sensitive. 
 
In terms of future work, the following could be considered: 
1. Once a new air heating and control system is installed on each of the 24 drying 
chambers, a series of drying trials should be conducted with commonly dried 
materials across a range of ambient and heated air conditions. A model could then 
be developed to estimate the time to dry common materials to equilibrium, and 
then utilized with appropriate instrumentation to provide valuable data and 
estimated completion time for drying chamber users. With estimated drying times 
the number of operating hours could be reduced resulting in lower operating costs 
for the farm and for researchers. 
2. Other ways to potentially save money would be through maximizing the drying 
effectiveness even further. While this research looked at heating efficiency and 
airflow through the drying carts, other areas to evaluate could include heated air 
circulation and chamber exhaust fans, labor requirements, and design of the 
drying chambers themselves.  
3. Further improvements to consider range from remodeling so the incoming 
ambient air travels across the heat exchanger (as is common in other heating 
applications) to implementing control integration of the heating cycle, including 
circulation fan, and exhaust fans to optimize the equilibrium moisture content of 
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APPENDIX A. DRYING CART UNIFOMIRTY TRIALS 
 
Figure A.1 Drying cart temperature readings and average during uniformity drying trial 






Figure A.2 Drying cart temperature readings and average during uniformity drying trial 







Figure A.3 Drying cart temperature readings during mid-temperature pneumatic 






Figure A.4 Drying cart temperature readings during high-temperature pneumatic 



























Figure A.5 Drying cart temperature readings during low-temperature electro-mechanical 







Figure A.6 Drying cart temperature readings during mid-temperature electro-mechanical 







Figure A.7 Drying cart temperature readings during high-temperature electro-mechanical 
controlled hot water heat exchanger trial. 
 
 














APPENDIX B. TOTAL NPC CALCULATION OF BOILER WITH 
PNEUMATIC OR ELECTRO-MECHANICAL FLOW CONTROL AND 
ELECTRIC HEAT EXCHANGER WITH THERMOSTAT CONTROL 






0 83,690 1.00 83,690 
1 9,163 0.90 8,288 
2 9,354 0.82 7,653 
3 9,545 0.74 7,063 
4 9,736 0.67 6,517 
5 9,928 0.61 6,010 
6 10,119 0.55 5,541 
7 10,310 0.50 5,106 
8 10,501 0.45 4,704 
9 10,692 0.41 4,332 
10 10,883 0.37 3,989 
11 11,074 0.33 3,671 
12 11,265 0.30 3,378 
13 11,456 0.27 3,107 
14 11,647 0.25 2,857 
15 11,839 0.22 2,627 
16 12,030 0.20 2,414 
17 12,221 0.18 2,218 
18 12,412 0.16 2,038 
19 12,603 0.15 1,872 
20 25,186 0.13 3,383 
21 12,985 0.12 1,578 
22 13,176 0.11 1,448 
23 13,367 0.10 1,329 
24 13,558 0.09 1,219 
25 13,750 0.08 1,118 
SALVAGE 6,294 0.08 512 
    












0 87,720 1.00 87,720 
1 8,944 0.90 8,090 
2 9,131 0.82 7,470 
3 9,317 0.74 6,895 
4 9,504 0.67 6,361 
5 9,690 0.61 5,866 
6 9,877 0.55 5,408 
7 10,063 0.50 4,984 
8 10,250 0.45 4,592 
9 10,436 0.41 4,229 
10 10,623 0.37 3,893 
11 10,809 0.33 3,583 
12 10,996 0.30 3,297 
13 11,183 0.27 3,033 
14 11,369 0.25 2,789 
15 19,789 0.22 4,391 
16 20,431 0.20 4,100 
17 11,929 0.18 2,165 
18 12,115 0.16 1,989 
19 12,302 0.15 1,827 
20 12,488 0.13 1,677 
21 12,675 0.12 1,540 
22 12,861 0.11 1,413 
23 13,048 0.10 1,297 
24 13,234 0.09 1,190 
25 13,421 0.08 1,091 
SALVAGE 6,637 0.08 540 
    















0 29,280 1.00 29,280 
1 20,039 0.90 18,125 
2 20,457 0.82 16,736 
3 20,875 0.74 15,447 
4 21,293 0.67 14,252 
5 21,711 0.61 13,144 
6 22,129 0.55 12,117 
7 22,547 0.50 11,167 
8 22,965 0.45 10,288 
9 23,383 0.41 9,474 
10 23,801 0.37 8,723 
11 24,219 0.33 8,028 
12 24,636 0.30 7,387 
13 56,619 0.27 15,355 
14 25,472 0.25 6,248 
15 31,907 0.22 7,079 
16 26,308 0.20 5,280 
17 26,726 0.18 4,851 
18 27,144 0.16 4,457 
19 27,562 0.15 4,093 
20 27,980 0.13 3,758 
21 28,398 0.12 3,450 
22 28,816 0.11 3,166 
23 29,234 0.10 2,906 
24 29,652 0.09 2,666 
25 30,070 0.08 2,445 
SALVAGE 4,123 0.08 335 
    
Total NPC 239,587 
 
